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. Negative Results of Attempts to Prolong the
. Effect of Phospholipids (PL) and Cholesterol

" (Chol) ow the Formation of Tumours Induced
=7 - by 3-Methylcholanthrene (MeC) *

" R.F.A. ALTMAN, D. J. DA Siva, and C. R. N. LorEs
, o Instituto Oswaldo Cruz, Rio d¢ Janeiro, Brazil

\(z. lﬂ;turfnnfil. 35 b, 229230 [19701‘; elogeg. am 18. September 1969)

e . : :

Tt was formerly demonstrated that PL retard and
Chol accelerates the formation of tumours induced by
McC4 2% This retardation respectively acceleration,
however, never surpassed a period of somewhat more
~than four weeks. The question, then, arose why PL

are only capable to retard temporarily and not to pre-

vent, i.c. retard permancatly, the formation of tu-
mours: It was presumed that the administration of an
excess of PL could favourably influence the time of re-
tardation, namely by impeding the liberation of McC
from its molccular associations with PL through the
interaction of Chol occurring cverywhere in the or-
ganism:

PL-MeC + Chol — PL-Chol 4 MeC.

A series of attempts have, therefore, been under-
taken in order to increase respectively decrease the
PL/Chol-ratio in the organism by the administration
of excessive quantitics of PL respectively Chol. The
obtained results were all negative for neither the re-
tardation by excess of PL, nor the acccleration by ex-
cess of Chol of the formation of tumours could be pro-
longed for more than four weeks.

Mcthod and Recults

Eleven groups of twenty Swiss mice each were form-
ed.
The controls (Croup I) were injected subceutancous-
ly in onc single dose with 0.5 myg McC in 0.2 ml tri-
octancin (Eastman-Kodak). Group II received 0.5 mg
MeC plus 50 mg of “Axolectin®™ ** in 0.2 ml trioctanoin.
This same injection was applied in the mice of Groups
I, IV, V and VI te whidh, however, additional quan-
tities of PL were given, namely: to Group 11, already
35 davs hefore the application of MeC. a 1% Asolectin.
emulsion as the drinking water which corresponds with
a daily.dese of about 1.5 ¢ PL/kz bodyweight; to
Group 1V: starting 15 days befere the MeC-injection,
three times weekly 0.1 ml of a 107 emulsion of Aso-
lectin in saline 0.97% subcutancously, corresponding
with a dosc of 1 g PL/week/kg bodyweight; to Group
\':'iniliatin,r.' 15 days before the McC-dosage, equally
three times weekly 0.1 ml of the same Asolectin-emul-
sion, intraperitoncally; and to Group VI: 0.1 ml of a
— =
* Supported by a grant of the Brazilian National Research
Council (Consclho Nacional de Pesquisas), Rio de Janeiro.
1 R. F. A. AtTvaN, O, Pucaciaov, 1. BAtLiniKeRR, and
D. I. pa Sitva, Z. Naturforsch. 23 b, 1277 {1968].
T R.F. A Avtvay, 0. Pecactiov, I Barvint-Kerr, and L.
L. & Pinto, Arch. Geschwulstforsch. 31, 133 [1968].
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2% phesphatidi Icholine-emulsion three times weekly in
the tail-vein, corresponding with 200 mg PL/week/kg
bodywuight.

- The animalx of Group VII were injected subcutane-
ously with a single dose of 0.5 mg McC plus 20 mg
Chol dissolved in 0.2 ml trioctanion, whereas those of
Group VIII reccived, in addition to that injection and
starting already 35 days before the MeC-administra-
tion, 4 g Chol dissolved in 80 ml babassu-fat **% per
kg of ration which corresponds with a dose of about
1 g Chol/day/kg bodyweight. The additional quantities
of Chol for Groups 'IX and X were administered sub-
cutaneous respectively intraperitoneally three times
weekly in doses of 0.1 ml of a 5% Chol-solution in
babassu-fat slightly warmed at 40 °C to prevent Chol-
crystallisation. This dose corresponds with about 500
mg Chol/week kg bodvweight. Group XI, finally, re-
ceived the additional dose of Chol intravenously in the
form of an O/W-emulsion, containing 0.8% Chol and
stabilized with sodium stearate. This emulsion was in-
troduced three times weekly in a dose of 0.1 ml which
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corresponds with 75—100 mg Chol/week/kg body-

weight.

The appearance of tumours was controlled twice
weekly from the 3rd to the 7th weck and, thereafter,
threc times a week. The results are summarized in the
Table 1, in which the three figures a/b/c represcnt:
(a) the total number of living mice, (b) the number
of living tumour-bearing mice, and (c) the number of
mice died from cancer.

! Discussion

It is seen from the figures in the Table 1 that in
the twellth week after MeC-injection, alrcady half of
the control mice had acquired cancer, whereas only
15% of Group II, about 36% of Group III, 22% of
Group IV, and 28% of Group V beared tumours. In the
Chol-groups, on the contrary, these percentages amount
to not less than 89 for Group VII, 90 for Group VIII,
95 for Group IX, and 94 for Group X.

Thus, with the exception of the mice whidh have
received either PL or Chol intravenously, it can be
positively stated that PL retard the appearance of tu-
mours; whercas Chol showed a pronounced accelerat-
ing activity. Tle same is truc for the rate of mortality.
Thirty weeks after the MeC-injection, namely, onc
animal of the control-group, three of Group II, one of
Group III and two of Group IV escaped tumour-forma-
tion and survived, whercas already 16 wecks after
MeC-administration, all mice of the Chol-groups have
died from cancer, excepted those of Group VII which,
however, were all tumour-bearing and, hence, con-

demned to death. The mice of Greups IV, V, IX and X

** This granulated soybean phosphatide was gently put at our
disposal by Mr. J. EICHBERG, President of American Leci-
thin Cy., Atlanta, USA.

#*» Babassu-fat was gently put at our disposal by Dr. Moacyr
Sieva, Technical Director of “Carioca Industrial, S.A.7,
Rio de Janeiro.
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230 NOTIZEN
- o o Table 1. Appearance of tumours after sub-
w | T o by by = ;.ﬂ . cutanvous MeC-administration.
Group ! a/bjc a/bjc a/bfc a/bfc a/b/e a/bfc
I (Contr.) l 1g/a/0  18/7/0  18/9/0 14108 3215 1/017
1T (PL, once only) | 20/2/0  20/2/0 20/3/0 10/10/1  3/0/17  3/0/17
111 (PL, oral) 4/0/0  14/4/0 13/5/0 141000 21713 1/0/14
IV (PL,s. c.) 18/0  18/2/0 18/g/0 18/11/0 /214 2/0/16
V (PL,i.p.) | 18/2/0 18/3/0 18/5/0 14/12/3 1/1/17  0/0/18 ’
VI (PL,i. v) | Tojsjo /30 8/5D s/aja  0/0/8 - |
VII (Chol, once) l9/12/0 19/17/0 18/16/L  8/8/11 D08 — o
VIII (Chol. oral) | 20/7/0  20/15/0 20/18/0  0/0/20  — - :
IX (Chol,s.c) | 19/7/0  19/15/0 19/18,0 0019  — -
X (Chol, 1. p) 1670 1630 151471 0016 — -
X1 (Chol, i. v.) | 2/0/0 suspended

must have suffercd from the received subcutaneous and
intraperitoneal injections for a large cxcess of un-
absorbed PL-ecmulsion, respeetively oil-solutions  of
Chol, was constantly found either subcutancously or in
the abdominal cavity.

A high mortality was observed in the -intravenously
injected mice, probably as a conscquence of the im-
perfect condition of the introduced emulsions due to
lack of an adequate «tabilizer whidh, in the meantime,
has been found in Pluronic I-68, a non-ionic, water-
soluble pnl)'oxyvth)'lcncox_vpropyh-nc polymer produced
by Wyandotte Chemical Corp., Wrandotte, USA 3

It seems worth while to repeat the introduction of
cither PL or Chol directly in the bloodstream for the
excess of these lipids when administered by other ways
has not shown the slightest effect, probably due to
metabolic modifications of their molecular structures.
However it may be, it must be concluded from the

3 p.E. Schurr. Cancer Res. 29, 238 [1969].

1 R.F. A. ALTMAN, Arch. Geschwulstiorsch. 19, 1, 97 [1962].

above that the activity of PL and Choel is only per-.
ceptible when these compounds find themselves in di-
rect molecular contact with the carcinogen. This con-
firms the assumed existence of molecular associations
of PL and MeC from which MeC can be released by

Chol, due to the higher affinity of the latter 10 PL
{(sce the equation given in the Introduction). As was

alrcady explained hefore t, PL-AeC acsociations are
too large in size for occupying open xpaces in the cell:
membranes (cf. ALTMAN *3).

Experiments are now in progress 10 verify the acti-
vity of a large excess of PL and Chol introduced together
with the carcinogenic hydrocarbon. At the same time
the influence of an excess of these lipids administere
intravenously in the form of perfect emulsions is &

died.

Thanks arc due to V. C. DO AMARAL for his invaluable tedv .

pical assistance.

5 R. F. A. ALTMaN, O Hospital [Rio de Janciro] 73. 1525
[1968].
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Committee on Specifications. 1972

Food Chemicals Codex

Cormittee on Food Protection, National Academy of Sciences,
National Research Council, Washington, D.C.
pp. 382-385; 444-446




Source: C.R. Soc. Biol. 163(2): 545-548
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Effect of Lecithin on Glucose Metabolism in Normal Dogs

by E. Couturier and V. Conard -

In a previous article, we studied the influence of triglycerides and non-
esterified plasmic fatty acids on glycemia and insulinemia and the speed of
the usage of glucose in normal anesthetized dogs 1).

Elevation in the lipid level is obtained by perfusing a solution of trigly-
cerides either with or without an injection of heparin., While an increase in
triglycerides causes an increase in the speed of utilization of glucose, the
non-esterified fatty acids have no effect. The solution used was a complex
mixture containing largely lecithin and sorbitol. It has been demonstrated that
sorbitol is without effect on the function of insulin (2), but in contrast,
lecithin brings about the release of insulin by the pancreas (3).

In this present work, we have studied the effect of lecithin on plasma glu-
cose and insulin levels and on glucose assimilation in six normal dogs weighing
from 24 to 33 kg fasted for 18 hours and anesthetized with sodium nembutal
(30 mg/kg).

In a first attempt, we performed tests for hyperglycemia by the rapid
intravenous route. Plasma glucose was measured every three minutes from the
seventh minute for a half-hour. Then we perfused 125 ml per hour of a solution
of soy lecithin (15 g/liter in 5% sorbitol in water). After an hour of perfusion
during which plasma glucose was measured every 15 minutes, we performed a second
test for hyperglycemia under conditions identical to the first. The perfusion
of lecithin was continued during the second hyperglycemia test (Figure 1).

In a second trial, we perfused the same lecithin solution for 90 minutes.
Plasma glucose and insulin levels were measured after fasting and at 5, 10, 30,
60, and 90 minutes of the perfusion and 15 minutes after it was stopped.

Plasma glucose was measured in heparinized and fluorinated blood with a

Technicon autoanalyzer according to an adaptation of Hoffman's method (4).

(1) E. Couturier and V. Conmard, C.R. Soc. Biol., 1969, v. 163, p. 225.

(2) W. Montague, S.L. Howell and K.W. Taylor, Nature, 1967, v. 215, p. 1088.
(3) W. Malaisse and F. Malaisse-Lagae, J. Lab. clin, Med., 1968, v. 72, p. 438.
(4) V.S. Hoffman, J.Biol. Chem., 1937, v. 51, p. 120.



0587

av v

<::)|:chéuis : T T

mg/100ml . . . . e
| =300 e e e .
. Al . . ' -~ S0t ":‘ . . - * "3.'
1" 2004
ST -
T 1004 .
Rt .- b
5 - . -1
i P -
N » 504 o
O L
- = B R Rl
Alero - ’ T P LR
CT © . |PERFUSION . DE LECITHINE ]@
R b 104 . . T T Y i T T T T Y N )
i o - 20 40 _ 60 80 ' 100 120
WL e : MINUTES R

Figure 1, Effect of Lecithin Perfusion on Glucose Assimilation in Normal Dogs

1 -~ Glycemia

2 - Lecithin Perfusion

The insulin in the plasma was measured twice by an immunological method using

two antibodies (5). The calculation of the coefficient of glucose assimilation

K was done according to Conard's method (6).

The coefficient of glucose assimilation measured during the perfusion of

lecithin is significantly higher than at fasting:
K1 = 3.2 + 0.47 per minute; Kp = 4.5 + 0.7% per minute (P<0.01) (Figure 1)

, In the course of the lecithin perfusion glycemia progressively diminished
(Figure 2 ).

Only the levels cf plasma glycose at the 90th minute of the perfusion and
at 15 minutes after it was stopped are significantly less (P<0.005) than the base
levels. The value at fasting is 19 + 2 pU/ml; at 30 minutes: 27 + 2 uU/ml; at
90 minutes: 18 + 4 uU/ml (Figure 2 ). A control perfusion of physiological serum
brought about no change in glycemia and a control perfusion of sorbitol did not

change the coefficient of glucose assimilation: Kj = 4.6; Ky = 4,7% per minute.

(5) C.R. Morgan and A. Lazarow, Diabetes, 1963, v. 12, p. 115.
(6) V. Conard, Acta Medica Belgica, Brussels, 1955.
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Figure 2. Effect of Lecithin Perfusion on Plasma Insulin and Glucose in Normal
] Dogs ( )

1 - Glycemia
2 - Lecithin Perfusion

In conclusion, under the experimental conditions used, lecithin brought
about an increase in plasma insulin levels, a fall in plasma glucose and a
significant increase in glucose assimilation.

These observations_ig_zizg confirm the data obtained with rat pancreas

fragments incubated in vitro. The presence of lecithin ip injected triglvceride

(Laboratory of Experimental Medicine and Pathological Physiology, Faculty

of Medicine of the Free University of Brussels, Belgium)
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Action de la lécithine sur le métabolisme glucidique
du chien normal,

par E. Courvrier ¢t V. CoNaRD.

v“uns un article antéricur, nous avons étudié l'influence des trigly-
(:crides el des acides gras non estérifiés plasmatiques sur la glycémie,
Vinsulinémie et la vitesse d’utilisation du glucose «du chien normal
ancsthésié (1°),

L’élévation des lipides est obtenue en perfusant une solution de tri-
fs:l.\'céri(l(>s accompagnée ou non d'injection d’héparine. Alors que
]_«'mgmentation des triglycérides provoque un accroissement de la
Vilesse d’utilisation du glucose, les acides, gras non estérifiés sont sans
tliet, 1a solution utilisée était un mélange complexe comportant no-
taniment de la lécithine et du sorbitol. 11 est démoniré-que le sorbitol
St sans aclion sur la fonetion insulinique (2°), par contre, in vitro
4 lécithine entraine une libération d’insuline par le pancréas {3*).

(1) E, Coliturier et V. Conard, €. R. Soc. Biol, 1969, t. 163, p. 225,

b (;’“é%\\'. Montague, S. L. Howell ¢t K. W. Taylor, Nature, 1967, t. 215,

. 3,

(3*) W, Malaissc et I, Mualaisse-Lagae, J. Lab, Clin, Med., 1968, 1. 72, p. 438.
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546 SOCIETE BELGE DE BIOLOGIE,

Dans le présent travail nous avons étudie Yeffet de la lécithine sur
la glycémie, Pinsulinémie et Passimilation glucidique chez six chiens
normaux pesant de 24 a 33 kg, a jeun depuis dix-huit hcures et anes-
thésiés au nembutal sodique (30 mg/kg).

Dans un premier temps nous avons pratiqué une épreuve d’hyper-
glvcémie par voice intraveineuse rapide. La glycémie est mesurée de 3
en 3 minutes i partir de la 7 minute pendant une demi-beure. Ensuite
on perfusc a raison de 125 m} par heure une solution de lécithine de
sova (15 g/litre dans du sorbitol 4 5 % en eau). Aprés une heure de
perfusion pendant laquelle la glycémie est dosée de 15 en 15 minutes,

GLYCEMIE
mg/100ml
300}
2004
K:3,2
1001
50 —
[eerFusion . DE LECITHINE |
10 r T Y T T T Y U Y T T Y T
. o) © 20 40 | 60 80 100 120
* MINUTES
Fig. 1. — Action d’une perfusion de 1écithine

sur Iassimilation glucidique du chien normal.

-on pratique une deuxieme épreave d’hyperglyeémic dans des condi-

tions identiques a la premiére. La perfusion de lécithine continue pen-
dant la deusieme épreuve d’hyperglycémic (fig. 1).

Dans un deuxieme temps nous avons perfusé la méme solution de
lécithine pendant 90 minutes. La glveémie et I'insuline plasmatiqut
sont dosées A jeun puis & la 3, 10¢, 305, 60" el 90° minute de la perfi-
sion &t 15 minutes aprés Parrét de celle-ci.

La glycémie est dosée sur sang hiépariné et fluoré & I'autoanal
Technicon selon une aduptation de la méthode dé Hoffmuan (4%).

. " ‘l

@4°) W. . Hoftman, J. Biol. Chem., 1937, t. 51, p. 120, . e

yseur
L'in-
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suline est dosée en double sur plasma par une méthode immunologique
i deux anticorps (5'). Le calcul du coefficient d’assimilation gluci-
dique K est fait selon la méthode de Conard (6*).

Le coefficient d’assimilation glucidique mesuré au cours de la per-
fusion de lécithine est significativement plus élevé qu’a jeun : K, =
32 + 0,4 % par minutfe ; Ky, = 4,5 = 0,7 % par mn (P < 0,01) (fig. 1).

Au cours d’une perfusion de lécithine la glycémie s’abaisse progres-
sivement (fig. 2). Seules les glycémics a la 90° minute de la perfusion et

GLYCEMIE
mg/100mi

::: t —}\I\I\{__I

50 o

40 A : E i .
30 “

20 - B L

PERFUSION = DE  LECITHINE 1

0-, — . by

100 115 : S

o 10 25 40

Sl

miNuTES' ©

Fig. & — Aégion‘ d’une perfusion de lécithine
sur Finsulinémie el la glycémie du chien normal. -

- . : . ® . v I o

4la 15* minute aprés son arrél sont significativement inférieures
('p < 0,005) aux taux de base. L’insulinémie s’éléve significativement
ila 30° minute de la perfusion (P < 0,005). La valeur a jeun est de
) wU/ml; & la 30* minute : 27 = 2 wU/ml; a la 90° minute :
W q #U/ml (ig. 2). Une perfusion contréle de sérum physiologique .

t 5% €. R. Morgan et A. Lazarow, Dicbetes, 1063, t. 12, p- 115,
| !6')} V. Conard, Acta Medica Belgica, Bruxelles, 1955.
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n'entraine pas de modification de la glycémie et une perfusion con-
trole de sorbitol ne modifie pas le cocflicient d’assimilation gluci-

dique : K; = 4,6 K, = 4,7 % par mn.

En conclusion, dans les conditions expcérimentales utilisées la léci-
thine entraine un accroissement de Pinsulinémie, unc chute de la gly-
cémic el un accroissement significatif de Vassimilution du glucose,

Les observulions in wvivo confirment les données obienues sur des
fragments do pancicas de Ral incubes in vitro. La présence de i
thine dans les émulsions de triglveérides injectés est susceptible de
modifier les différents témoins du métubolisne glucidique.

(Laboratuire de Médecine expérimentale et de Physiologie palhologigue,
Facullé de Médecine de UUniversité libre de Bruxelles, Belgigne),
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TE LEFFECT OF OXNYGEN, SOYBEAN LECUTHIN, CARDAMYL
CHOLINE, AND FURFURYL TRIMITUHYTL AMMONIUM
IODIDE ON EXPERIMENTAL POLYCYTITENIA

JOHN EMERSON DAVIS

From the Department of Physiology and Pharmacology, University of Arkansas School of
Medicine, Little Rocl:

Reccived {or publication May 25, 1043

In previously reported experiments (1-1) we have shown that raw liver,
choline, certain choline esters and ethers and certain vasodilator drugs are ca-
pable of depressing experimental polvevthemia in dogs and rabbits, The
methods used for inducing polvesthemia inchided daily exposnre of animals to
low atmospherie pressure, daily physical exercise, administration of cobaltous
chloride, ephedrine or benzedrine.  The depression of polyvevthemia is appar-
ently unaccompanied by any dilution of the blood, and it oceurs in ~pleneetomized
as well as in normal unimalz. The depressant drugs probably act by producing
vasodilation and thereby increasing the blood and oxygen supply to red bone
marrow.  We have performed the reverse experiment of inducing polvevthemia
by the continued daily administration of vasoconstrictor drugs (ephedrine,
epinephrine and posterior pituitary) to dogs and rabbits (53-4).

Theoretical considerations wonld indicate that if our concept of the mecha-
nism of polyeythemia depression is correet, we should be able to depress poly-
cythemia by inereasing the oxygen content of the arterial blood.  The investiga-
tion herein reported shows the results of the administration (by inhalation) of an
atmosphere of pure oxygen to polyevthemic dogs for one hour daily.  We also
report the results of the daily administration of sovbean leeithin, carbaminoyl
choline and furfuryl trimethyl ammoninm iodide to polyeythemie dogs.

ProcEpUrn.  Expermental polyeythemin was produced in three dogs by the daily
subcataneous administration of five units of solution of posterior pituitary or pitressin,
and in two dogs by the daily oral administration of three mgm. per kgm. of cobalt as the
chluride salt.  Two of the dogs had been splenectomized 6 months prior to the commence-
ment of these experiments.  All animals were muintained on a econstant adequate diet, and
were allowed witer ad Libitum.

After the establishment of polyveythemia, which required two or three weeks, 3 dogs
receiving pituitrin and 2 dogs receiving cobalt were given commerical soybeam lecithin?
in a daily oral dose of 3 grams.

Subsequently, carbununoyl choline chloride? was administered subeutancously to 4
polyeythemic dogs inoa total daily dose of 0.1 mgm.  Farmethide (furfuryl trimethyl

! Research puper No. 535, journal series, University of Arkansas.
? Commereinl Soybean lecithin was generously supplied by the Ameriean Leeithin Co,
Flmhurst, 1. I, N, Y.
1 Carbamyl choline chloride (Doryl) was provided by Merek and Co. of Ralway, N. J.
37
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38 JOHN EMERSON. DAVIS

ammonium iodide)d was administored to 3 dogs with pituitrin-induced polycvthemia in
daily subeutancons dose of 54 mgm. (about 0.5 mgm. per kgm.).

Pure oxygen was administered for one hour daily to 3 dogs having pituitrin-induced
polyexthemin.  The animals breathed the oxygen in a clused system consisting of o tight
nasepicce comnected with a Sanborn basal metalolism apparatus. The expived carbon
dioxide wax absorbed by soda lime, while the consumed oxygen was replaced by o steady
flow of the pure gas into the metabolism machine,

RBC
MILLION
71- PP
P
6~ c
~0C(Spl)
PR(Spl)
5~
30Y BEAN
4~ ]‘ostn ]~ LECITHIN
Iy n J [} 1 1
DAYS:D 5 10 15 o 5 10 15
Fic. 1 Fi6. 2

Fic. 1 (left). Drpuess1oN oF PrrerTrin-INDUCED PoLycyrHEMIA In 3 Docs, BY THE
InnavaTioN ov 1009 Oxvaex ror Ox: Hoor Darny
Dushed lines indieate oxyvgen administration. Figures at start of each line indicate the
degree of polveythemia for eacl animal in terms of pereentage increase of erythrocyte
count above normal. Spl. = splencetomized dog.

Fre. 2 (right). Errrct or DALy Oran ApMINISTRATION OF 3 Grays oF SoyBEAX LECITHIN

oN LXPrRIMENTAL POLYCYTHEMIA
P.P. = dog recciving posterior pituitary injections; C = cobalt fed dog.

Blood sumples were drawn from the external saphenous veins of the dogs while they were
blindfoldvd undiua quite, unexeited state, at least 18 hours after any previous experimental
procedure ar mediention. Red cell counts and hemoglobin pereentages fHellige) were
dotermined o frequent intervals throughout the experiments, while total leukocyte counts
were made oeeusionally.

Risvers. The administration by inhalation of pure oxygen to 3 polyeythemic
dogs for one hour daily caused prompt reductions of their ervthroeyte counts
(fignee 1and hemoglobin pereentages, in spite of continued daily injections of
pituitrin oy pitressin. The depression of the polveythemia persisted for the 5
or i days during which 10097 oxyvgen was administered, and cessation of oxvgen
administration was followed in 3 or 1 days by a return of the polvevthemia.

fFrarmethide was supplicd by the Smith, Kline, and French Laboratories, Phila-
delphia, Pa.
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EXPERIMENTAL POLYCYTIIEMEA 39

Total leukoeyte counts remined fairlv constunt thronghont the experitent.
One of the animals had heen splencetomized =ix mont hi= prior to this investigation.
Figure 2 shows the results of the daily oral adiministration of 3 grams of <ov-

bean lecithin to 2 dogs having cobalt polyevthemin and 3 dous with pituitrin-

induced polycythemia. Tt will be noted that this procedure cansed gracal
reductions in the red cell counts of all 5 dogs. which persisted throughout the
period of lecithin feeding in spite of continued hemopoictic stimulation by cobalt
or pituitrin. HMemoglobin pereentuyges (not shown) varied proportionately with
the erythrocyte counts, but leukoeyvte connts showed no mniform change and
remained fairly constant. Upon cossation of lecithin administration, poly -
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r eent inerease of erythroeytes

Dashed lines ind ] .
each line show degree of polyeythemia for each animal as pe
over normal.

P.P. = posterior pituitary injected dogs; C == coball fed dog; Spl. = splencetomized dog

eythemia returned to all dogs within about b days. Two of the dogs used in
thix experiment had been splencctomized previonsiy.

The subcutancous administration of o total daily dose of 0.1 mgn. of car-
baminoyl ¢holine chloride to 3 dogs with pituitrin-Andueed polvey themia and
liennt depressions in their red eell eounts

one cobalt-fed dog produced sign
Upon ecessation of = Doryt”

(figure 31 and hemoglohin pereentages within tdays.
injections, the erythroeyte mumbsers of These animals gradially returned to their
polyeythemic levels. Leukoeyvte counts renuined fairly constant throughout
these procedures,  Two of (he dogs= had heen previousty splencetomized,

One splencetomized and 1o novinal dogs having pituitrin-indueed pulyv-
eythemia were given dialy sobentancons injeetions of furmcethide durturyl tri-




0 ' JOUX EVERSON DAVIS
methyl ammonium iodider. s will be seen in figure 4, this procedure caused a
prompt disaietion in the ervthroeyte numbers of all 3 dogs, in spite of continued
injections of posterior pituitary.  Upon cossation of “Furmethide” administra-
tion, the red cell counts of all doge= veturned gradually to polyeythemic levels.
A dose of 10 mgm. (L mgm. per kem.) injected into one dog resulted in death
preceded by vomiting, urination, defecation and musele twitehing.

Dizcrsston.  The obiservation that the breathing of an atmosphere of pure
oxvaen by polvevthemic dogs cauzes o depression of their erythroeyte counts
(figure 1) strongly suppotts our theory that raw liver and vasodilutor drags
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Figures at Yeft of each line give the degree of polycythemia in each animal, before de-
pression by the drug. Dashed lines indicate duration ot “Furmethide'’ administration.

Spl. = gplenec:omized animal.

depres< polyeythemia by inereasing the oxygen supply to bone marrow (1-4).
This <ccms (specially probable beeause the depression of erythrocyte counts
vequires abot the sune time (e, 3 or 4 davs) whether it is accomplished by
oxveen or vasadilator drugs (Rgures 1and 3). Boothby, Mayo, and Lovelace (7)
have reported that the administration of pure oxygen to normal individuals is
capable of increasing the oxyvgen content of their arterial blood by as much as
157 Presumably an inereased oxvgen content in the arterial blood of our
pods evthenie dogs was Suflicient to restore to noral the oxygen supply to their
Lone marrow, which hud probably been curt ailed by a reduetion of blood supply
elicited by the vasoconstrictor action of posterior pituitary injection.



EXPERIMENTAL POLYCYTHEMEN 1

Commercinl sovhean lecithing which redieed ]-ul_\‘(')'lh(nn'i:l inoue experilents
(figure 2), probably did so by virme of its choline content which i reported to
be about 3¢¢ (81 pre<sumably in an availble form. We have previows1v reported
that purified egg lecithin in a daily oral dose of 1 graon is withow effect on experi-
mental polycvthemin (3).

1t is not surprising that earbamyt choline chlovide depressed polveythemia in
our dogs, since we have shown previously (3, 1 that choline and weciv] bera-
methyl choline, which alzo produce vasodilation, are effertive against poly-
cythemia.

Furfuryl trimethyt ammonium iodide was found by Fellows and Livingston (9)
to exert parasvimpathominmetic aetions, some of which are blocked by atropine.
Qinee it was shown to produce va~odilation. we tiied it on our polyeythemie dogs
and found that it wus capable of redueing their ved cell counts dlignre b,

It should be emphasized that total leukoeyte counts showed no eonstant change
either during the producticn or depression of polyvevthemia, and that splenec-
tomized dogs 1esponded in exaetly the =ame manner as norimal dogs.

CONCLUSION >

Exposure for one hour daily to an atmosphere of 100€7 oxvgen eansed cignifi-
cant reductions in the bhasal ervthroevte numbers of 3 dogs with pituitrin-
induced polveythemia in =pite of eontinued daily injeetions of pituitrin. - One
of the animals had been splencetomized long before this experiment.

The daily oral administration of 3 grams of sovbean lecithin to 5 palvevthemice
dogs enused significant reductions in their eryvthroeyte counts, w ith no appreeiable
change in leukoeyte counts, in spite of continnation of hemopeietic =timulating
measures.

Carbamyl choline chloride, in a daily subeutaneous doxe ot 0.1 mara., depressed
experimental polyeyvthemin in 2 splenectomized and 2 normal dogs in =pite of
continned daily procedures nsed to produce the polveythemia (e, cobalt or
pituitrin administration).

TFurfuryl trimethy! ammonium iodide likewise depressed “pituitrin. poly-
cythemia.”

These experimental results indicate that the agents used to depress poly-
evthemia probably act by inereasing the oxveen snpply to the red bone murrow,
thereby dimini=hing the loeal hypoxia which ix probably the stinulus to the
development of polveythemia.
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In 1939 we reported that choline was effcetive in depressing the experimental
polycythemias produced in dogs by cither cobalt feeding or daily exposure to low
atmospheric pressure, but that the administration of choline to normal dogs for
5 to 7 days was without cflect on the normal red eell eount (1). Later (2) we
reported that soybean lecithin was capable of reducing experimental polycythe-
mia in dogs. The mechanism of action of both substances was postulated to be
& depression of red cell production by inercased blood (and oxygen) supply t
bone marrow, mediated by a vasodilator action of the drugs. ' :

'The purpose of the present investigation was to learn whether the prolonged
daily administration of choline or lecithin for a period in excess of 5 1o 7 days
would depress the red cell eount in normal dogs. This possibility did not seem
unlikely, since bone marrow aclivity has a certain momentum or inertia which
often requires considerable time for a change in rate of activity to be elicited.
Certainly about 7 to 21 days may be required to produce cxperimental polycy-
themia by means of various agents (3-6).

Murons. Red cell counts and hemoglobin percenlages (Hellige) were de--
{ermined regularly on normal dogs which were fed an adequate dict of Purina dog -

chow, and rolled oats. Occasional leukocyte counts and hematoerit determina~
tions were also mnade.

After adequate control determinations had been made, the dogs were fed 5
grams of commercial soybean lecithin? daily. In the choline experiments, dogs
were given 8 mgn:. of choline hydrochloride per kgm. of body weight daily, by
stomach tube (in dilute solution).

In all cases blood samples were drawn from the saphenous veins of the dogs
while they were unexcited and in a fairly basal condition, at least 18 hours after
previous feeding or drug administration.

Rusurrs.  Jigure 1 shows the red cell counts of 4 normal dogs which were fed
soybean Iceithin daily. 1t will be seen that, after alatent period of 5 or more days,
the erythrocyte numbers were gradually reduced. Maximal diminutions of 15
to 20 per cent were reached after 12 to 25 days of lecithin feeding. The long
dushes in the line representing one dog (fig. 1) indicate a period during which 60
grams of lard were fed daily in addition to the lecithin, Cessation of lecithin
feeding (short dashes) resulted in a return of the red ccll counts of all dogs to
normal within 11 to 20 days.

1 Resgearch paper no. 548, Journal sories, University of Arkansas.

* Soybeun lecithin waa generously furnished by the American Lecithin Company of

Elinlarst, L. 1., N. Y.
63
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Tigure 2 shows the erythrocyte counts of 4 dogs which received choline hydro-
chloride (8 mgm. per kgm.) in dilute solution by stomach tube.  Two of the dogs
reccived atropine sulfate (0.5 mgm. per kgm.) by stomach tube for 18 days
(dashed lines) in addition to the choline. It will be seen that the two dogs
which reecived choline alone showed significant reductions in erythrocyte counts
after 15 days of choline feeding, while those receiving atropine in addition re-
quired about 10 days after atropine cessation, or a total of about 30 days to show
comparable depressions.  The atropine appears o have blocked the action of the
chaline.  Hemoglobin and hematoerit percentages were reduced proportionately
with the red cell counts by choline, hut leukoeyte counts did not change signifi-
cantly (not shown). The retwn of the red blood cell counts to normal is not
shown because it was desired to continue these dogs on a somewhat related

experiment.
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¥ig. 1. 'I'he effect of soybean lecithin on the red blood cell eounts of four normal dogs.
Dashes indic:te cessation of leeithin administration.  Long dashes in solid dot line indicate
period during which 60 grams of lard was fed daily, in addition to the lecithin (5 grams

daily).
Fig. 2. The effect of choline hydrochloride on the erythrocyte numbers of four normal
dogs. Dashes indicate periods during which 0.5 mgm. per kgm, of atropine sulfate was fed

daily, in addition to the choline chloride (8 mgm. per kgm., daily).

Discussion. It would seem that choline and soybean lecithin probably lower
the erythrocyte number by actually depressing erylhropoiesis, if we may judge
from the slow onsct of choline action (fig. 2) and the slow recovery of the red
blood cell count to normal after the cessation of soybean lecithin feeding (fig. 1).
It is diflicult to believe that other possible mechanisms such as hemolysis, blood
dilution, or sequestration of erythrocytes in blood reservoirs could be concerned,
—since they should not require 10 or more days to reduce the erythrocyte count
to the extert shown in these experiments.

The time required for the mild anemia to develop in these experiments is com-
parable to that required in previous experiments to induce experimental polyey-
theinia by various means (3-6). 1t seems highly possible that in both cases we
are changing the rate of erylhrocyte production—but in opposite directions.

The action of choline is a muscarinic action since it is antagonised by atropine
in these experiments (fig. 2).  Previously, we have shown that choline depressed
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DEPRESSION OF RED CELL COUNT BY CHOLINE AND LECITHIN 67

polycythemia probably by a vasodilator action, because its action was blocked
by atropine, and because such vasodilators as nitrites and aminophylline were
also effective in reducing certain experimental polyeythemias (7,8). Vasodilator
drugs may depress erythropoiesis by improving the blood flow, and consequently
increaxing the oxygen supply, to bone marrow. Indced, we have also approached
this problem by inercasing the orygen content of arterial blood. We have de-
pressed pituitrin-induced polyeythemia in dogs by the administration of 100 per
cent oxygen (by inhalation) for one hour daily (2).

Asindicated in figure 1 by the long dashes, one dog apparently showed an extra
reduction in ervthrocyte count due to the feeding of {at (lard). It must be ad-
mitted, however, that three other dogs showed no decrease of crythrocytes when
similarly treated.  Our purpose in testing the effect of fat-feeding was to try to
support. the observations of Johnson et al. (9, 10) who, while unable to demon-
strate # change in the erythroeyte number, have shown that the feeding of fat
increascs red cell fragility and causes inereased erythrocyte destruction as judged
by inereased bile pigment out put.

We ussume that sovbean lecithin probably affects the erythrocyte count by
virtue of its choline content, which is placed at about 3 per cent (11),

CONCLUSIONS

The daily oral administration of 5 grams of soybean lecithin to 4 normal dogs .

caused significant reductions in their red blood ecll counts, which persisted for at
least 10 days after cessation of lecithin feeding,

Choline hydrochloride, in a daily oral dose of 8 mgm. per kgm. of body weight,
caused significant depressions in the erythroeyte numbers of 4 dogs.  More than
len days were required for maximum depression of red cells to oceur, and atropine
was shown to block the depression for a longer period than the 18 days during
which it was administered.

These results sre explained by sssuming that choline depresses erythropoiesis
by inereasing the blood flow and oxygen supply 1o hone marrow- —through its
vasodilator action,
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Lecithin in Experimental Arteriosclerosis
(«f Preliminary Study)

by

Wit G. Downs, Jr.

Cnicaco, 1L,

T HAN been known for several years
that a continuing state of cholesterin-
emia would produce a tvpe of change in
the intima of blood vessels, and extending
into the media, not greatly differing from
the changes found at autopsy in arterio-
sclerotic individuals. Tt would seem from
this that faalty fat metabolism might be
one factor of importance in the causation
of this most common morbid condition.
With this in mind the following studics.
of which this is a preliminary report, were
instituted. Young, adult rabbits were put
in quarantine for a ten-day period and
standardized on an s nearly as possible,
identical control dict of whole oats, carrots
and lettuce.  They were then divided into
dictary sub-groups as follows: groups of
two animals cach, received in addition to
their basic dict the following Tyo 14,01,
and 2 prams of cholesterol daily respec-
tively, other groups 3, 6. 12 and 18 grains
of pure lecthin daily respectively, and
others 2. 4, 6 and ® minims of vitamin D
concentrate 2301 daily respectively, Tn
additional groups these elaments were com-
bined in varving proportions, so that each
possible combination of any two or all
three of these ineredient ware mcluded
in the diet of one sub-group of two animals,
Ttis unneces<ary o detail these experi-
ments further at this time as they awill he
publiched e ol Loy I the ammmals
recening from oarain of holesterol daily

up to the masimum dosage, fairly typical

changes in the intima and inner coats of
the media began to appear in four weeks,
These changes did not appear sooner, but
continued at a more rapid rate in the anj-
mals at the higher levels of cholestero)
feeding. Tt was likewise somewhat accen-
tuated by the addition of the vitamin D
concentrate,

In the case of the animals receiving
lecithin only, however, at the lower “feed-
ing levels” no change was noted, while in
the higher levels, the animals reacted
strongly and the maximum doses could not
be continued for more than a few days.

It was in the groups in which the lecithin
dosage was small, but with the addition of
cholesterol and vitamin D, that the most
interesting findings were made. Here, in
animals recciving lecithin plus cholesterol
alone or lecithin plus cholesterol plus vita-
min D, it was still not possible to produce
vascular changes. This was true where the
dosage of cholesterol and vitamin D were
at the highest levels administered and over
a period of four months.

It would scem that the addition of rela-
tively small quantities of lecithin to the
diet, will prevent the occurrence of the ex-
perimental arteriosclerosis of high choles-
terol diet origin. Further studies are now
in progress, to determine the effects, if any,
of lecithin on experimental arteriosclerosis
from other causes than cholesterinemia,

Chicago Medical School,

July 10, 1933,
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" LAURYL PEROXIDE - LECITHIN Pace 244
(L PEROXIDE - : : . i .

CLEARED FOR USE AS A POLYMERIZATION CATALYST IN PAPER AND PAPERBOARD FOR AQUEOUS AND FATTY FOOD USE’
uncer §121.2526 (COMPONENTS OF PAPER AND PAPERBOARD IN CONTACT WITH AQUEOUS AND FATTY FO00S).

CLEARED FOR USE AS A POLYMERIZATION CATALYST IN PAPER AND PAPEReoﬂRo FOR DRY rodo CONTACT UNDER §121.257f
(COMPONENTS OF PA?ER AND PAPERBDARD IN CONTACT WITH_DRY FOOD). - -

" LAURYL PYRIDINIUM 5_CHLORO-2-MERCAPTOBENZOTHIAZOLE
'CLEARED FOR USE IN ADHESIVES UNDER §121.2520 (ADHESIVES). ) S o

LAURYL SULFATE SALTS
THE AMMONIUM, MAGNESIUM, POTASSIUM, AND SODIUM SALTS OF LAURYL SULFATE CLEARED FOR USE UNDER

§121.2507 (CELLOPHANE); AND UNDER §121,2567 (WATER-INSOLUBLE HYDROXYETHYL CELLULOSE FILM).
(FR SepT. 12, 1964},

LAURYL SULFATE SALTS OF AMMONIUM, MAGNESIUM; POTASSIUM, AND SODIUM CLEARED FOR USE IN ADHESIVES UNDER
§121.2520 {ADHESIVES).

AMP4ONIUM, MAGNES UM, POTASSIUM, AND SODIUM SALTS OF LAURYL SULFATE CLEARED FOR USE IN PAPER AND
PAPERBOARD FOR AQUEOUS AND FATTY FOOD USE UNDER §121.2526 (COMPONENTS OF PAPER AND PAPERBDARD IN
CONTACT WITH AQUEQUS AND FATTY FOQDS). ) )

AMMONIUM, POTASS UM, SODIUM, AND MAGNESIUM SALTS OF LAURYL SULFATE CLEARED FOR USE IN PAPER AND PAPER-
BOARD FOR DRY FOOD CONTACT UNDER §121.2571 (COMPONENTS OF PAPER AND PAPERBOARD IN CONTACT WITH DRY

FJ00).

LAVANDIN (HYBR!DS BETWEEN LAVANDULA OFFICINALLS CHAIX AND LAVANDULA LATIFOLIA ViLL.)
CENERALLY RECOGNIZED AS SAFE AS A NATURAL FLAVOR EXTRACTIVE UNDER §121.101.

LAVENDER [LAMANDULA CFFICINALIS CHAYX.)
GENERALLY RECOGNIZED AS SAFE A3 A NATURAL FLAVORING AND NATURAL FLAVOR EXTRACTIVE UNDER §121.101.

- - - . P

“CNDER, SPIKE (LavanDULA LaTIFOLIA ViLL.)
CENERALLY RECOGNIZED AS SAFE AS A NATURAL FLAVOR EXTRACTIVE UNDER §121.101.

LEAD
FDA LETTER AFFIRMING GENERAL RECOGNITION OF SAFETY OF SOFT SOLDER CONTAINING 505% LEAD AND 50§ TIN

FOR USE IN DAIRY PROCESSING EQUIPMENT REVOKED APRIL 9, 1370.

LEAF ALCOHOL
CLEARED UNDER §121,1165 {SYNTHETIC FLAVORING SUBSTANCES AND ADJUVANTS).

- - -

LECHE CASPI (SORVA) (CouMA MACROCARPA BARE. RODR.)
CLEARED FOR USE AS A NATURAL [COAGULATED OR CONCENTRATED LATICE) MASTICATORY SUBSTANCE OF VEGETABLE

ORIGIN IN CHEWING GUM 8ASE, UnDER §121.1059 (CHEWING GUM BASE).

CLEARED FOR USE IN THEFOOD-CONTACT SURFACE OF LABELS AND/OR TAPES UNDER §121,2577 (PRESSURE-SENSITIVE
ADHESIVES].

LECHE DE VACA {BROSIMUM UTILE {H.B.K.) PITTIER AND POULSENtA SPP.; LACMELLEA STANOLEY! (Woobson); MonacHinO)
CLEARED FOR USE AS A NATURAL (COAGULATED OR CONCENTRATED LATICE) MASTICATORY SUBSTANCE OF VEGETABLE
ORIGIN IN CHEWING GUM 8ASE, UNDER §121,1059 (CHEWING GUM BASE).

CLEARED FOR USE N THE FOOD-CONTACT SURFACE OF LABELS aAnD/OR TAPES UNDER §121.2577 (PRESSURE-SENSITIVE
ADHESIVES).

LECITHIN .
CENERALLY RECOGNIZED AS SAFE AS A MISCELLANEOUS AND/OR GENERAL PURPOSE FOOD ADDITIVE UNDER §121.101,

CLEARED FOR USE UNDER §121.2514 {RES INOUS AND POLYMERIC COATINGS), §121.2526 ICOMPONENTS OF PAPER AND
PAPERBOARD IN CONTACT WITH AQUEOUS AND FATTY FOODS), §121.2548 (ZINC-SILICON DIOXIDE MATRIX COATINGS),
§121.2550 (CLOSURES WITH SEAL ING GASKETS FOR FOOD CONTAINERS), §121.2559 {XYLENE-FORMALDEHYDE RESINS
CONDENSED WITH &,4'- |SOPROPYL IDENEDIPHENOL EPICHLOROKYDRIN EPOXY RESINS), anD §121.2570 (ETHYLENE-

\ Y}leNYL ACETATE COPOLYMERS].

LEARED BY THE MEAT IRSPECTION DIVISION AS AN ANT{OXIDANT ANO EMULSIFIER IN LARD AND
SHORTENING, IN AN AMODUNT SUFF{CIENT FOR THE PURPOSE; AND IN OLEOMARGARINE AS AN EMUL-
SIFIER AT 0,54, .

© Foop CHemicaL News, Inc, 197%
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Food Protection Committee, 1972
Comprehensive GRAS Survey, daily intakeg—--
Lecithin and Lecithin modified with Hydrogen peroxide
National Academy of Sciences, National Research Council,
Washington, D.C., Table 13, Part A, pages 90-93; 241-242
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Food Protection Committee. 1972
Comprehensive GRAS Survey, Usage levels——-
lecithin and lecithin modified with hydrogen peroxide
National Academy of Sciences, National Research Council,
Washington, D.C. Table 2, pages 19, 49
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Food Protection Committee. 1972
Comprehensive GRAS Survey, total annual poundage-—-—
Lecithin and Lecithin modified with Hydrogen peroxide
National Academy of Sciences, National Research Council,
Washington, D.C. Table 11, Part A, pages 6; 14
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PARENTERAL NUTRITION
VIIT. Tir VasobpeEPRESSOR ACTIVITY 01 SOYBEAN PHOSPHATIDE PREPARATIONS

Roprrr P. Gryver, P, Doxitp M. WarkiN, M.D,
LERov W. Marraews, B.S, axn Frebrick J. Starg, MLD.
Bosrox, Mass.

'N PREVIOUS reports from this laboratory the preparation and use of emul.

sions of fat JTor intravenous nutritional purposes have been deseribed.® *
Various emulsions containing soybean phosphatides as the stabilizer have becr
given suecessfully {o the rat, dow, and rabbit. Tt was clearly shown in these
studies that fat yiven in this manner is well utilized for energy. More reeently,
stndies using fat labeled with €' have confirmied the utilization of fat in emuyl-
sions given intravenously.?

The only adverse psysiologie effeets which were evident when fat emulsions
were given to dogs intravenously were occasional nausea, vomiting, and exces-
sive salivation when the initial infusions were given too rapidly and a moderate
normoey tic anem:a® il the fat infusions were continued for a period of two to
three weeks o1 Jonger, The anemia rapidly disappeared, however, when the
infusions were discontinued.  Measurements of the blood pressure of dogs by
an ordinary sphy emomanometer diselosed no significant alterations from normal,
However, in a fow preliminary observations in man following the intravenous
injeetions of these fad cmulsions, a fall in arterial blood pressure occasionally
resulted.  Before continuing with eliuical studics, observations were wnder-
faken in which the est was used in order 1o obiain more information on this
vasodepressor phenomenon,  The experiments reported in this paper were de-
signed 10 (1) determine the origin and character of the vasodepressor activity,

(2} eompare more rigorously the speeics varviation with respeet to the vaso-

depressor action, and (3) investizate possible methods of removing the vaso-
depressor substanee.
EXPERIMENTAIL

Methods.-—

1. Measurement of urterial blood pressure was done in the usual manner. The earotid
artery of the anesthetized (Nembutalj animal was cannulated and by means of a citrate-
filled system was counceted tu a mercury manometer provided with a moving stylus. Record-
ings were made on a smoked puper drum attached to a kymograph. In many cases, con-
current preumograpl recordings were also taken.*

2. Injection of the fest substunce wus done as follows: A glass cannula was inserted
into the femorul vein and by means of o narrow-bore rubber tube was connected to a

From the Department of Nutrition, Harvard School of Public Health, and the Department
of Biologicil Chemistry, Harvard Maediceal School.

Supported in part by grants-in-aid from the National Dairy Council, Chicago, Ill., The
Upjohn Company, Kalamnzoo, Mich, the Nutrition Foundation, Tne., New York, N. Y., the Mil-
bank Memorial Fund, New York, N. Y., and the Cancer Research Grants Branch, National Can-
cer Institute, Bethoesiia, M.
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School of Public Health, for advice and the loan of apparatus used in these studies on blood
pressure.
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burctte whicl eontained either 0.9 per ceut sodium chloride or 5 per cent dextrose solution.
The test material was injected from @ suituble syringe through a short No. 21 needle which
was inserted as far as possible through the rubler tube close to the cannula. Tmmediately
after the injeetion and before withdrawal of the needle, 1 to 2 ml of the solution from the
burctte were allowed to run in as rapidly as possible. The syringe was then quickly with-
drawn.

3. Fmulsification of the test material usunlly was accomplished in one of the following
ways: (a) stirring witlt o wire stivrer at 4,000 r.p.an. and 90° C. for four to seven minutes;
(b) Mending in the Waring Blendor at high speed and at 70 to 900 C. for ome to five
minutes; and (e) first blending as under (b) and then homogenizing in a high-pressure
homogenizer™ under nitrogen at 3,500 to 4,000 psi. and 85 to 90° ¢. for five to fiftecn
minutes. Where moldifications of these methods were used, the changes are indicated.
Touicity was achieved by the addition of galine or dextrose to give a final coucentration of
0.9 and 5 per cent, respectively.  Adjustment of /11 was aeeomplished with disodium j-hosphate.

4. The fat-emulsifying propertics of the virious fractions of soybean phosphaiides were
determined ir. the following manner One liter of an agueous mixture containing i} per cent
of the phosphatide fraction, 15 per cent cocontt oil, and 4.7 per cent dextrose was homogen-
ized under Ligh pressure by the technique previously deseribed s but using the homogenizer
referred 1o in the preceding paragriph. Disodium aeid phosphate was used when neeessary
to sdjust the pl. When (he resulting emulsion was of fine purticle size, us judged by
microseopic cxmmination, n sample was autoclaved and again examined for particle size.

Origin and Characler of the Vasodcpressor Action and Variation Befween
Specics.--- Preliminary hlood pressure measurements on the cat indicated that
for this ~pecics a marked Jdeercase in pressure oceurred when even small
quantities of an emulsion {Bmulsion 35) containing 3 per cent of a puritied
soybean phospholipid fraction were injeeted rapidly. his emnlsion contained

coconut oil 15 per cent, fraction B(1-2) 3 per cent, dextrose 4.7 per cent, and

witer 80 per cent (weight/volume). 1t was readily appavent that a greatly
deercased response resulted when a given dose was administered for the second
time even though as much as thirty minutes elapsed between the two injeetions.
Ty deterniine whether or not the soyhean phosphatide stabilizer, fraction B-
(10.2) 1 was responsible for the vasodepressor aclivity of the fat emulsion, a
3 per cent emitlsion of this material was prepared by high-pressure homogeni-
zation, wade isolonie to rat serum with dextrose, and autorlaved for fifteen
hinutes ¢t 16 p.si. ina pressure bottle filled with nilro;;‘cn.," Small quantities
of this preparation were injected into a cat, and the depressor response was
found to be similar to that obtained when Emulsion 35 was administered.
Blood pressure studies were andertaken using the dog, rabbit, and rat as
fost animals in addition o the cat. All Dlood pressure recordings were taken
in a manner similar to that used Tor the eat with the exception of the rat. For
1his speeies it was necessary to use a capillary manometer and record the pres-
sure changes visually. Neither the fat emulsion (Emulsion 35) nor the 3 per
cent emulsion of the phosphatide fraction B(17-2) was effective in lowering the
Blood pressure of the rat, rabbit. or dog more than 15 mm, even when large
quantities were injeeted as rapidly as possible. Table 1 shows a typical response
obtained with the eat, dog. yabbit, and rat to the injecetion of a blended 6 per
cent preparation of the phosphatide fraction B(F-2). It is readily apparent

*Manton Caulin Homogenizer Model No. 700D, Manton Gaulin Manufacturing Com-
rany, Inc., 44 Garden Street, Wverett 49, Mass.
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that the eat is far move susceptible to the depréssor activity and hence in g
subsequent testing for vasodepressor activity the eat was used.

RESPONSE 0oF VALIOUS SPECIES T0 THE VASODEPRESSOR PRESENT IN PROSPIAT I
Fraerions Mane Froym CoMMERCIAL SOYBEAN PIIOSPHATIDES

TasLE T,

T WEIGIT
OF FRACTION BLOOD PRESSTL g
RODY VOLUME | INJRECTED |[_ RESPONSE
WEIGIHT INJRCTED|  (MG./KG, | DECREASE
SPRCIES (GM) MATERLAL INJECTE B.W.) (ArML)
“TRat 225 | Blended 69 fraction B(1-2 277 — =
Blended 6% fraction 70-f 504 14 —
TRalbbit T 100 (Blended 6% fraction 13(F3) a0 =
Blended 69 fraction 70-f 23 __‘§_~ ——
" Doy 7,000 I Blended (% fraction B(F-2) S6 15 T
TG L5007 T Blended 667 fraction 1{1-2) . 4 56 vy
Blended 1.2¢: fraction 70-f 0.1 0.8 46 -

Since it was evident that the phosphatide preparation B(F-2) eontributeg
the vascdepressor activity, a numher of the preeursors of this fraction were
investigated e determine whether the depressor was present oviginally in 1he
sovheans or was introduced al some point during the process of manufactuye,
The following materials were tested in the eat for vasodepressor activity

1. Freshly prepared soyhbean phosphatides obtained by extracting 2.5 kg. quantitics of
around dried soybeans for four suecessive three-hour periods with 3-liter portions of boiling
redi<filled petroleum ether. The combined extracts were concentrated in vaeuo to a volume
of approximately 200 ml, aud 1.2 liters of anhydrous acetone were added and the mixture
was allowed to stand overnipht. After decantation of the clear supernatant liquid, the
regidue wes dissolved in 10 to 50 ml of ether, filtered, and poured into 500 ml. of acetone,
Fhe precipitate was filtered oflf after standing for three hours and was then dried in vacuo
A room temperature. A 1.5 per eent emulsion of this material was prepared by the
stirring teehnique, with dextrose present for fonieity, and examined for depressor activity,

2. An auforlaved portion of the 1.5 per cent cmulsion of the freshly prepared soybean
phosphatides.

3. Freshly prepared soybean phosphatides whiel had been allowed to stand in air for
‘our days at reom temperature and which were then emulsified at a 3 per eent concentration
using the stirrer technique. Dextrose was added for touieity.

4. Fat emulsion stabilized with freshly prepared soybeun phosphatides and prepured
by using the homogenization procedure deseribed previously.6 The emulsion contained 13 per
cent refined corn oil, 2 per cent freshly prepared soybean phosphiatides, 5 per cent dextrose,
~ud water, )

5. Commercial Liquid Lecithin® emulsified at a 6 per cent concentration ly the blendor
technique with dextrose present. This cinulsion was not entirely stable and, therefore, only
the portion whichi remained in true dispersion was used in the vasodepressor tests.

6. Asoleetind  (commercial soybean phosplatides) emulsified by the blendor procedure
at a 6 per cent concentration using dextrose for tonicity.

7. Emulsion 35.1

& Soybean phosphatide fraction B(F-2)1 prepared in a 3 per cent emulsion by the
high-pressure homngenizer method using dextrose for tonicity.

9. Soybean phosphatide fraction B(F-2) prepared in a 6 per cent emulsion by the high-
pressure homogenizer method using dextrose for tomicity,

*Liquid lecithin, Robinson-Wagner Company, New York, N. Y.
tAsolectin was generously supplied by Dr. Albert Scharf of Associated Concentrates, Inc.,
Woodside, l.ong Isiand, N. Y.
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TapLe 11, KErrEct oF YARIOUS SOVEBEAN PHOSPIIATIDE  PREPARATIONS ON THE BLOOD

PRESSURE oF THE CATv
TER CENT OF BLOOD PRESSURE
PHOSPHATIDE | VOLUME CAT RESPONSE®
FRACTION [ INJECTED WT. |DECREASE|INCREASE
NO. MATERTAL (WT./VOL.) (ML) | No. [(Ka.)| (arn) (MMM
1 |Freshly prepared soybean phos 1.5 0.8 1 ]0.97 -— 1o-
phatides
2 [No. 1 antocluved for 15 min. at 1.5 0.8 1 10.97 — 18
15 p.ei.
3 |No. ! allowed to stand in air al 3.0 0.4 1 1097 24 -
roam temperature for 4 days
4 iNo. 1+ 15% ¢ rn oil as an emul- 2.0 0.5 2 1230 6 —_
sion
5 |Liquid leeir . 6.0 0.5 3 10.67 10 —_
6 Avoleetin 6.0 0,1 4 1.60 A —
7 |Fraclion 1.. 1+ 159 eoconut | 3.0 ;o0 5 12,00 ) —_
oil as ait cuulsion—Emulsion! I
33 |
S | lraetion 1. b2 ! 3.0 0.4 5 2,00 16 —
9 [Fraection 1o 2 6.0 ‘ 1.0 8 |L860
First injeciion v —
Second falcctive (16 min, | 18 —
after §i=t hijection)t .
Third injoction (18 win. 10 —
after sl dngection)

*Refers onl s Lo (he initlad respon: 2,
tIn ench ciare the blood pressure had returned (o normal prior to the injection,

Fhese preparations were injeeted into eals as deseribed earlier, and bleod
pressure reeordings were takes,  Inaddition, Preparation 9 was injeeted
several successive times into @ cal o test for fachyphylaxis.  The results, to-
gether with pertinent data, ave civen in Table I I ix seen that the depressor
aetivity s primarily in the phosphatide preparations but is not present in
freshly prepared material, even wlter autoelaving, Repeated injections of the
Phosphatide material result in ereatly deereased vasodepressor responses. I
I shows a typieal response obtained with the cat to the repeated injection of
“ blended 6 per eent preparation of the phosphatide fraction B(Ir-2),

While the experiments alveady deseribed were in progress, other experi-
ments were eoncurrently undertaken for the purpose ol fractionating the eom-
mereial soybean phosphatide preparvation known as Asoleetin and the phos-
Phatide fraction prepared from it known as fraction B(F-2) frem {wo stand-
Points; namely, (1) to prepare, if possible, a depressor-free phosphatide fraction
vhich wonld still be a suitable emulsifying agent, and (2) to concentrate the
sasodepressor substanee(s) and determine some of ity eharacteristics,

The initial studies were made on phosphatide fractions already on hand.
These fractions had heen prepared some months carlier in connection with frie-
tonations of Asolectin designed to remove the material which had caused the
Lramdomatous lestons reported in carlice work! and had been stored at —8° (.
during the ensiing months. The preparvation of fractions A (F-1), B(I-1),
and C(1-1) have been reporfed.t  Sinee the preparation of fractions D(I1-1)
and K(F-1) from B(I-1) was not given previously, it will be deseribed here.
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VASODEPRESSOR EFFECT OF SOYBEAN PHOSPHATIDE GIVEN 1y
1 2 3
i e r- 1‘ 7
MM.
160}
120,- e j 3 B T -
80]. e ; .
40|
i bt

b B a2

R 1 MR
5§ SECOND

INTERVALS

¥igr, 1.—Response of blood pressure to repeated intravenous injections of 1.0 mL of a 6 per
cent emualsion of soybean phosphatide fraction B(1%2), cat No. 8 (1.6 kg.). Time between h-
jections 1 and 2 was sixteen minutes. Time between 2 and 3 was eightecn minutes.

Jreparation of D(F-1) and E(F-1): 205 Gm. of fraction B(¥F-1) were completely
dissolved in 240 ml. of dry chloroform and the solutton was filtered, Three hundred sixty
millititers of 95 per cent ethanol were added slowly with shaking, and the light tan prccipitat.c
whichi Tormed was filiered off, dissolved in 100 nil. of chloroform, and reprecipitated by the
addition of 150 ml. of 05 per cent aleohol. This material, fraction BE(F-1), was dried in
vacuo tud weighed 137 grams, The eombined fillrates were concentrated to dryness in
vacuo and yielded 6 Gm. of fraction D(K-1). ‘

Tneh of the various fractions was blended, with dextrose present, and the
vasadopressor activity was tested in the eat. Table T11 gives the results of these
studic: along with an evaluation of the emulsifying ‘properties of the various
fraciions, The eholine content of some of these fractions was determined by the
methal of Engel” and is ineluded in the table since it serves as an index of the
amou .t of locithing present. Lipositol prepared aecording to the procedure of
Woolley* was also included in these studies, and it was found to be no more
active than the lipositol-low, aleohol-insoluble fractions.

The results obtained with all of the foregoing prepuarations indicated that
the depressor substance was probably a degradation product of one of the
phosphatides found in soybeans. Although the almost complete lack of solu-
bility of the depressor substance in alcohol negated such compounds as {ree
choline, ethanolamine, and many of their simple derivatives, some of these
compourds were tested in the eat and the resulting effect upon blood pressure
wus compared with that of the unknown depressor. The charvacter of the eurve

Fr ek



TapLE III. EFFECT OF VARIOUS FRACTIONS Mapr Froy COMMERCIAL SOYBEAN PHOSPHATIDES (ASOLECTIN) ON THE
Broon PRESSURE OF THE CAT

! ¢

RELATIVE | lcoxcENTRATION ! voLUME ! CAT BLOOD PRESSURE RESPONSE
! FMULSIFYING | CHOLINE ' prr cENT | INJECTED | WT. DECREASE INCREASE
NO. FRACTION PROPERTIES® | CONTENT 1‘ (wt./voL.) (ML) NO. i (KG.) () (aM31)
1 AT-D) Poor — | 3.0 1.0 7 : 2.2 — 6
2 B(F-1) Fair 0.76 3.0 0.4 7 | 22 6 -
3 C(F-1) Very good 10.5 3.0 1.0 7 | 2.9 — 4
4 D(I-D Fuair 1.85 3.0 0.4 7 ‘ 2.2 G —_
5 E(F-1) 4 Fair 0.0+ 3.0 0.2 7 2.2 54 —
6 B(F-2) Gond —_ 3.0 0.3 6 | 1.5 56 _
7 Lipositol Poor — 3.0 1.0 7 | 2.2 60 —_
8 Lipositol-free | Fair —_— 3.0 1.0 7 i 2.2 55 —
residue

9 70-f _— — 1.2 0.1 6 1 1.5 46 -

*Based on the rating of “good’’ for fraction B(F-2).
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CHART T. FRACTIONATION oF SoveeaN PHUSPHATIDE FRACTION B(TF-2) ScHEME 7y
100 G, Fraction B(F-2)
Extracted for 2 five-minute periods with 956 ethyl
aleohol (60-63° €.y in the Waring Blendor at high
speed. Filtered and washed  with  aleohol.

, Hesidue Filtrate concentrated
to dryness in vacuo,
PREP, 70-n, 23-30 Gm,

Extracted in a similar manner with absolute
methyt aleohol,  Filtered.

Residue

Filtrate concentrated
to dryness in vaeuo,

l PREP. T0-h, 9-11 Gm.

Extracted in a similir manner with 9367 ethyl aleolol
which contained 1 ml concentrated 11C1 per 100 ml
Filtered.  Residue washed well with neutral aleohol.

Hestdue dried in vacuo. Filtrate cooled overnipht
Frep, T0-e 26-300 G, at 70 C. Filtered and
washed with aleahol.
Piltrate neatralized with wleoliolie NaOIl Residue dried in vacuo.
until preeipitation was complete, Piltered. PREP.  TO-d, 1315 G,
Reidue washed well with neutral aleohol
I'recipitate dried im0 vieao and extracted Filtrate concentrated in
diree times with dietiyl ether. vacuo, PREP. T0-¢, § G,
Filtrate taken to dryness in vacuo, Residue dried in vacuo
prur. T0-f, 1015 Gm. PREP. 70-h, 3-5 Gm.
(Highly setive depressor materinl)

of the blood pressure response was not similar to that of the material in the
soybean phosphatide fractions, and the extreme tachyphylaxis which resulted

on repeated injection of phosphatides was also absent.
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The following preparations also were made and tested for depressor
activity:

1. A dialysate of the fraction B(I-2) prepared by dialyzing a 6 per cent emulsion of
this fruction against Astilled water through a thin rollodion membrane and concentrating
the dialysate to the voldme of the original emulsion. This material was inactive, whereas the
residue was still completely active.

2. Ten milliliters of Emulsion 35 placed in w15 ml. test tube and to which 0.5 Gm. of
sodium chloride was added. The tube was Leated at 70° (. for five minutes and then cen-
trifuged while hot. ‘The aqueous layer was tested for activity and was eompletely inactive.

1 2
s oo . R
MM.
180
1 140 - & ¢ el R
100,
ec|
—L} 1
5 it SR L. B Y ST NP U P R NUEPIU WRNRTIE WNUMEUPRIRE S = WP SONNPURY T TE SRR Oeeppg «a‘é

SIX SEGAND INTERVALS

. Fio, 2.— Kffeet on blood pressure of route of administration of soybean phosphatide frac-
tion 70-f, cat No. % (2.3 ki),

7, 0.1 mlL 2.5 per cent T0-f, iniravenously.

2.2.0 ml 2.5 per cent T0-f, intraperitoneally.

3, 2.0 2.5 per cent F0-f,-intreperitoneally,

4. 1.0 mL 2.5 per cent 70-1, subcutancously.

¥urther fractionations of the preparation B(IF-2) were carried out by
means of solubilities in various solvents such as ethyl aleohol, acetone, chlovo-
form, and mixtures of these solvents, hut none was cffeetive in concentrating
the depressor 1o o sufficient degree.  Sinee the aetivity in the earlier fraction-
ations followed those fractions high in inorganic constituents, separations were
anderti ken with acidie solvents.  Aeidie ethyd aleohol proved to be best for this
Purpose, and although many different fractionation sehemes were carried out,
L1y one of the most successful is deseribed in Chart 1. This fractionation of
B e, vields i material referred to as 70-f whieh is a highly active depressor
substance,  The results of the tests for vasodepressor aetivity using fraction 70-f
Weoviven in Tables 1 and 1. The marked suseeptibility of the eat to the vaso-
depressor activity is well shown in the comparative data in Table 1.

Eficet of Route of Adminisiration (Other Than Intravcnous) on Depressor
*‘1"1'1‘1’!5/ of Fraction 70-f-—To determine the effeet of the route of adminis-
?"i“i!m on depressor activity, a 2.5 per cent eniulsion ot preparation 70-f was
jected intraperitoneally into an anesthetized eat. IFig. 2 shows the results of
4 ypical experiment, and it is apparent that instead of causing a deerease in
]’1"‘?‘1 pressure, a pressor response resulted.  Oral administration of this prepa-
Yation oy well as intramuseular and subeutancous administration was without
°fleet. Hence the depressor effeet of the phosphatide fraction is only evident
when the material is given intravascularly,

L
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Effect of the Depressor Substance on Puodenal Muscle—To determine
whether or not the depressor material had an cffeet on smooth musele con-
tractions, a strip of rat duodenal musele was counected to a lever in the usual
manner and was immersed in oxveenated mammalian Ringer’s solution. A4
intervals 0.4 ml of a 2.5 per cent emulsion of fraction 70-f was added; in each
case the Ringer's solution was changed before the addition. Five per eent
glueose solution was used as the control. The results of this experiment aie

EFFECT OF DEPRESSOR MATERIAL ON SMOOTH MUSCLE CONTRACTION

1 2 3 4 H 6
r T T T RS DL sl e Lo AYE R ek i o AL St Sl st i oA |
. : :
1 o
3
h
F et b a2t R i A 7l o b Lt i 8

5 SECOND INTERVALS

Fig., 3 —Contraction of rat duodenal muscle to sueccessive stimulation with 0.4 ml. of an
emulsion of 2.3 per cent of soybean phosp]:mdn fraction 70-f. Volume of Ringer solution was
200 mitliliters,  § was 5 per cent dextrose solution. Time lapses between 2 and 38, & and §, and
5§ and 6 were b, 6, and 5 minutes respectively.

given in Pig. 3 and it is observed that the depressor material gives rise to a
marked contraction of the musele and that the contraction decreases with
repeated addition of fraction 70-f,

DISCUSSION

The soybean plosphatide fraction B(}-2) described previeusly! for use
as a stabilizer in fat emulsions for intravenous nutritional purposes has been
found to possess & marked vasodepressor aetivity when injected into the eat.
This activity was present in the commercial soybean phosphatide preparation
from which this fraction was obtained. Since freshly prepared soybean phos-
phatides had Jittle such activity, vasodepressor substance probably is formed
sometime during or after the process of manufacture by oxidative or degradative
changes. This view is sapported by the faet that freshly prepared phosphatides
beeame am:i\'e depressants when allowed to stand at reom temperature in contact
with ai

’I‘hv oreat speeies differcnee with respect to this vasodepressor activity was
of interest. In the eat, 4 mg. of fraction B(1}'-2) per kilogran. of body weight

eaused a deercase in arterial blood pressure of 56 millimmeters. Little or no
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effect was obtained, however, when 277, 39, and 86 mg. quantities per kilogram
of body weight were given to the rat, rabbit, and dog, respeetively. This differ-
ence is important in work coneerning intravenous fat emulsions hecause the dog
and rat ave the animals usually used for testing such preparations. From
clinieal studies it appears that man is more sensitive to the vasodepressor than
these three species, but less so than the eat. 1t is obvious that it is desirable to
test fat emulsions intended for clinical use in several speeies including the ecat.

Several interesting characteristies of the pattern of the blood pressure
response to the various phosphatide fraetions have been observed.  One of these
was the step-like manner in whieh the Wlood pressure returned to mormal. This
ranged all the way from a slight panse or dip 1o a drop back 1o the original
low. i the latter case, the return proeceded without any sign of- another
stepwise accent. Such a step phenomenon is not charaeteristie of the response
to sueh compounds as acetyeholine, histamine, cte.  Another difference between
the soybean depressant and the other depressant materials tested was the rela-
tively great tachyphylaxis that oceurred following the initial vesponse when an
original drop of more than 10 10 20 mm. had oeenvred. This tachyphylaxis
made the exaet quantitative evaluation of the poteney of various preparations
difficult, bhut a fair comparison was still possible by allowing a suitable tine
lapise hetween injections and hy using a stindard injection of an emulsion of
the fraction B(1-2) as an index of the tachyphylaxis,

The visodepressor substanee was not once of the known phosphatides or
their simple degradation produets such as free ethanolamine. 1t was nondializ-
able throngh collodion and insoluble in water, aleohol, and aqucous acid, but
soluble iu ceidified aleohol. The use of 1he latter solvent, especially when hot,
By have resulied in various extrancous eleavaces, but no apparent inerease in
total original depressor poteney oeccurred through ity use. Perhaps the acid
Tunetioned by removing inorganie ions from the depressor and therehy rendered
i or its hydrochloride aleabolinsoluble.  Partial neutralization of the acidie
subition caused the precipitation of 1he depressor along with salts.  Ether ex-
Uetion removed it from the latier and yielded a light yellow nitrogenous
Eoterial,

The effect of the deppessor material in causing a contraction of duodenal
wle suggests that the material eould act diveetly on the bload vessel wall.

34

v

oS of interest to note thgt a deercased stimulation of the musele strip resulted
*orepeated application of the depressor. The sustained elevation in hlood pres-
Y owhich oeetared when the phosphatide fraction 70-f was given intraperi-
focally may have resulfed beeause of stimulatjon of intestinal contraction.

_ Beeause of the vasodepressor cffect of phosphatide fraetion B{17-2), Emul-
Mec3ht s not consideped suitable for elinical use, thoueh it is adequate for
"Nperimente] studies i the dog, ral, or rabbit.  Although phosphatide fraetions
lov iy deprossor activity eould be prepared, these were cither poor emulsifying
Awonts or, if they were suitable as an emulsifying agent, they underwent
hinwes on autoclaving that gave rise to toxie effvets. Iraction C(1-1) (Table
Ny is g o cx:unp]c of a phosphatide fraction with no depressor aetivity,
f;@od emulsifying properties, but one which is unsatisfactory following autoelav-
g, In general it appears that the more a phosphatide preparation is purified,

0968
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the less stable it hecomes 1o autoclavine,  Fraetion B(¥F-2) «till remains the most
cuitable of the soybean phosphatide fractions for stahilizing fat emulsions (or
intravenous vse,  Only approximately half of {raction B(F-2) possesses gl
emulsifying properiies, hut the remainder of 1he preparation appears 1o provide
stability 1o the fraction during antoelaving.

The question arises as 10 whether fraction B(}F-2) ean be used in a o
contration of less than 3 per cent {ax it iy used in Tonlsion 85) and stabilize
an enlsion, rot not be present in quell an amount that a depressor effeet wili
be obtained,  Erudsions eontaining 15 per vent fat, identieal in eomposition .
Emulsion 55 cxeept that {raction 124 has been reduced from 3 per cent o
0.5 per cent. have heen prepared, and they do not affect the blood pressure of
the cat, However, stuldity on Janding aud when added to plasma is not o,
ereat ws disired. Further «udies utilizing o costabilizer in addition to 0.5 per
cont of fraction BiF-21 are reported in the following paper.

SUMMARY

1. A sovhean phosphatide preparation., B(F-21. prepared for use as a
«tahilizer for tat emulsions for intravenous nutrition has heen found to possess
vasodipressor activity inomam and the eat, little sueh aetivity in the dog, and
nonie i the 1at or rabhit.

9 The d pressor material ix not present in phosphatide fractions freshly
prepared hut develops, on standing, on contact with air. It does not appear to
he acetyleholime, choline, cthanolamine, or any simple derivatives of these com-
pounids.  The depressor material has heen coneentrated considerably.

3 Fractions of phosphatide low in depressor activity have been prepared,
but cre cither undesirable emulsifying avents or are adversely affected by
autoclaving.

We wish to express appreeintion to the following cowpanies whieli have supplied us
genercusly witl various materinls used in this researehi:  The Upjohn Company, Kalamazoo,
Mich.: Merck wnd Compiauy, Tne., Rahway, N. J.; Guines ivision of General T'oods Corpo-
ration. Holwken, N. J.; Wilson Laborutories, Chicago, Hl; shefield Farms Co., Ine, New
York, N. Y.; €orn Tndustrics Researeh Foundation, New York, N. Y.; and Anlieuser-Busch
Co., &, Louis, Mo,
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The plasma lccithin:cholesteroi

acy.ltransferase reaction

JOHN A. GLOMSET

Department of Medicine and Regional Primate Rescarch Center, University of Washington,

Seattle, Washington 98105

ABSTRACT Evidence for the existence of a plasina lecithin :
cholesterol acyltransferase js reviewed with emphasis not only
on the lipid reactants, but also on the lipoprotein “substrates’
and “products.” The cholesteryl esters of all major lipoprotein
classes become labeled when plasina is incubated with choles-
terol-1C. However, the smaller, lecithin-rich high density
lipoproteins appear to be preferred substrates. Most studies of
factors that influence the acyltrznsferase reaction have not
adequately distinguished between effects on the enzyme and
eflects on the lipoprotein substrates. However, the fact that
cholesterol esterification is diminished in plasma from eviscer-
zted animals or from patients with reduced liver function sug-
gests that the liver may regulate hoth the level of the enzyme
and that of the substrates. Several indications exist that the
acylransferase reaction is the major source of plasma esterified
cholesterol ir man. Furihermore, the reaction may have a
broader, extracellular function, Ore possibility is that it plays
arole in the transport of cholesterol from peripheral tissues to
the liver,

KEY WORDS acyltfansfcrzmt‘ - plasma - lecithin + cholesterol
* cholesteryl ester « lysolecithin - lipoproteins - cholesterol
transport - peripheral tissues - liver

A NET ESTERIFICATION of cholesterol occurs when
Plasnia, serum, or whole blood is incubated at 37°C.
The cuzyme that catalyzes the reaction is present in
higher concentrations in plasma than in other tissucs,
and mainly transfers fatty acids from the 2-position of
lecithin to cholesterol. For this reason it can be regarded
s a plasma lecithin: cholesterol acyltransferase, although

A\bbr(:;;a‘t;:)ns: HDI., high density lipoproteins; LDL., low
dc‘lsily lipoproteins; VLIDM., very low density lipoproteins;
DE.\E-C(:llulosc, diethylaminoethyl cellulose.

the character of the reaction may depend as inuch on the
nature of the lipoprotein substrates as on the specificity
of the enzyme.

The acyltransferase reaction is of interest for several
rcasons. For example, it appears to be a physiologically
important source of plasma cholesteryl esters; an inborn
error of mctabolisim in which the reaction does not occur
has recently been discovered; and the reaction shows
promise as a tool for studying lipoprotein structure. The
purpose of the present review is to discuss the available
evidence concerning the mechanism of the reaction, the
properties of the enzyme, and the factors and conditions
that influence the reaction. In addition, the possible
physiological sighificance of the reaction will be con-

sidered.
MECHANISM OF THE REACTION

Lipid Reactants

The plasma cholesterol esterification reaction was first
described by Sperry (1). He found that maximal esterifi-
cation of the cholesterol of human plasma occurred at
about pH 8, and that the change in cholesterol could be
prevented by prior heating of the plasma at 50-60°C.
At first he believed that the reaction was catalyzed by a
plasma cholesterol esterase, and suggested that the neces-
sary fatty acids might be derived from plasma phospho-
lipids by the action of a lipase. Later, however, Sperry
and Stoyanoff postulated the existence of a special
cholesterol-esterifying enzynie to explain their observa-
tions (2-4) of the divergent cffects of bile salts on the
cholesteryl esters of dog, human, and monkey scra. At
concentrations of 4-6 wpmoles/ml, bile salts inhibited
cholesterol esterification in the sera of all three specics,
but at higher concentrations they promoted the hydroly-
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sis of cholesteryl esters in dog serum alone. Because of
these findings, it was concluded that dog serum con-
tains separate cholesterol-esterifying  and cholesteryl
ester-hydrolyzing enzymes, whereas human and monkey
sera contain only the former.

Sperry’s observation of the increase in esterified
cholesterol during the incubation of serum or plasma
was soon confirmed (5, 6) as was his finding (4) that
the change could not be accounted for by bacterial con-
tamination (7). Furthermore, Le Breton and Pantaléon
(7) obtained evidence that plasma phospholipids indeed
might be the source of fatty acids in the esterification
reaction. They showed that acctone-precipitable lipid
decreased during the incubation of seruin, that this de-
crease and the decrease in unesterified cholesterol could
be prevented by adding phlorizin or monobromoacctate,
and that adding ovulecithin increased the amount of
cholesterol esterified. Because serun incubated for 72 hr
did not hemolyze red cells, and because they could not
detect acetone-precipitable lipid in some samples of in-
cubated serum, they concluded that the decrease in
“phosphoaminolipid” was caused by a lecithinase B.
Finally, they proposed a nicchanism for the plasma
cholesterol esterification reaction that involved  the
coupled actiun of the lecithinase B and a plasma choles-
terol esterase: :

lecithinase B . .
~——-= 2 fatty acids + glycerophosphoryl

choline;

lecithin

chuolesterol esterase

cholesterol -+ fatty acid — o2

cholesteryl ester.

Later, their observation concerning the effect of added
lecithin was confirmed by Wagner (8-10) and Murphy
(11); and Etienne and Polonovski (12-14) directly dem-
onstrated a decrease in lecithin and an increase in
glycerophosphoryl choline in extracts of incubated serum,

During their experiments, Ftienne and Polonovski
(12-14) also found indications that the changes in
plasma phospholipid might be more complicated than
originally envisaged by Le Brewon and Pantaléon, They
showed that lysolecithin transicntly increased and that
ultimately free choline increased when human serum was
incubated for 72 hr. These findings arc compatible with
the possibility that more than one cnzyme may be in-
volved in the breakdown of phospholipid during pro-
longed incubations of plasma. Morcover, my colleagues
and I (15, 16) subsequently obuained results which led
us to propose that the initial breakdown of Iecithin is not
caused by a hydrolase, but by an acyltransferase. We
observed (15) that labeled cholesteryl esters were formed
in plasma incubated with linoleoyl-H(} lecithin, but not
in plasma incubated with linoleate-#(: complexed to
albumin. We showed (16) that the relative amount of
arachidonic acid released from rat plasma lecithin by
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Crotalus adamanteus venom was similar to that which he.
came esterified to cholesterol during the incubation of
rat plasma. Finally, we noted (16) that, when humay
plasma was incubated, the molar change in lecithin wag
similar To that in unesterified cholesterol. On the basis f
these findings we postulated the following :

acyltransferase

lecithin 4+ unesterified cholesterol > lyao.
lecithin + cholesteryl esicy.

Furthermore, we suggested that the enzyme mainly
transfers fatty acids from the 2-position of lecithin.

Although this reaction formulation subscquently 1.
ceived support from Shah, Lossow, and Chaikoff (17,
data exist that do not completely fit it. 10% or more of the
fatty acids transferred to cholesterol are saturated (16),
a much higher percentage than is released from lecithin
by snake venom. Therefore, saturated fatty acids (mor:xly
palmitic acid) may largely be derived from a source
other than the 2-position. Plasma triglyceride might be
one such source, since cholesteryl palmitate-4C is fornieqd
when plasina is incubated with tripalmitin-4C: (15, 17),
Moreover, the transfer from triglyceride to cholestero]
may proceed via lecithin, since considerable labeled
phosphatide is also formed when plasma is incubated
with emulsified tripalinitin-4C (17). The 1-position of
mono- or diacyl glycerophosphoryl choline also might
be a source of saturated fatty acid, although no evidence
of this exists as yet.

A sccond observation that does not fit our reaction
formulation is that only about one-half the predicted
amount of lysolecithin can be demnonstrated in human
plasma after a 24 hr incubation (18). However, if ly-
solecithin can function as a donor of saturated fatty acids,
as suggested above, or if one or more lysolecithin hydro-
lases arc present in plasma (19), this discrepancy might

“be explained.

A third objection to our concept is provided by the re-
sults of Goodman (20) and of Portman and Sugano (21).
Goodman noted that less cholesteryl arachidonate is
formed during the incubation of humaen plasma than
would be expected fron the composition of the plasma
lecithin., This has been confirmed, and contrasts with
the good agreement existing with respect to linoleate.!

! Glomset, J., W, King, and Y. Akanuma. Unpublished ex-
periments. We incubated LDL-free human plasma (22) with
cholesterol-4C and compared the pattern of labeled cholesteryl
esters formed during a 6 br incubation with the composition of
the 2-fatty acids of lecithin extracted from the unincubated lipo-
proteins. The cholesteryl esters were separated on thin-layer plates
of AgNOy-treated silica gel (23). The 2-fatty acids were prepared by
treatmment of the chromatographically purified lecithin (22) with
Crotalus adamanteus venom (24), and were subsequently analyzed
by gas-liquid chiromatography. The relative distribution of radio-
activity in the cholesteryl esters was: 12.39; for the saturated
esters, and 20.6, 56.6, and 10.59, for the mono-, di-, and tetra-
unsaturated esters, respectively. The corresponding figures for the
2-fatty acids were 3.5, 14.5, 56.5, and 25.49.
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Therefore, Goodman’s obscrvation suggests that the
acyltransferase of human plasma may be able to dis-
tinguish between different fatty acids in the 2-position of
lecithin. The results of Portiman and Sugano (21) also
support this possibility. They incubated mixtures of
fresh human plasma with heat-inactivated rat plasma
labeled with cholesterol-"C, and fresh rat plasma with
heat-inactivated human plasma labeled with cholesterol-
MC and studied the comyposition of the resulting choles-
teryl-"C esters. In both kinds of experiment they found
that the newly formed esters more nearly resembled the
preexisting cholesteryl esters of the fresh plasma than
those of the unincubated mixture. They concluded that
the pattern of cholesteryl esters formed during the incu-
bation was related to the specificity of the enzyme (in the
fresh plasma) rather than the composition of the fatty
acid source (the lipoproteins of the mixed heated and
fresh plasmas). This conclusion appears to be compatible
with Goodman’s results, because of the implication that
the cholesterol-esterifying enzymes of human and rat
plasina preferentially transfer linolcate and arachidonate,

respectively.

Role of Lipoproteins

Another interpretation of the data of Goodman and of
Portman and Sugano is that the specificity of the acyl-
transferase depends primarily on lipoprotein structure.
Itis not certain that linoleoyl Iecithin and arachidonoyl
lecithin occupy similar positions in human plasma lipo-
protewns. If they do not, they may differ in accessibility
t the enzyme, and this, rather than fatty acid specificity
per se, could explain Goodmaw’s results. Similarly, the
results of Portman and Sugano are compatible with the
possibility that the enzymes of human and rat plasma
selectively react not with specific fatty acids, but with
homolugous lipoproteins. Thus, their incubation mix-
tures contained substrate lipoproteins from both species,
and the rat and human lipoproteins differed in relative
Content of linoleic and arachidonic acid. Therefore,
Preferential formation of homologons enzynic-substrate
Complexes could have led 1o the transfer of different
wounts of linolcate and arachidonate. Fortunately,
thzyme preparations can now be obtained that contain
lite)e lipoprotein (see later discussion). Use of these
Mzyme preparations instead of whole, fresh plasma
shoul help to determine whether the enzymes of rat
and human plasma preferentially react with specific
fatty acids or with specific lipoproteins.

That human plasina acyltransferase can react pref-
frentially with specific lipoproteins is suggested by the
fU“uwing. After a 1 hr incubation of human plasma with
cholesterol-¥C, the specific activity of HDL cholesteryl
Gters greatly exceeded that of VLLDL or LDL cholesteryl

0989

esters.?. Furthermore, when human or baboon plasma
was incubated with cholesterol-"C, the specific activity
of the esterified cholesterol also varied among HDL sub-
fractions (22). These differences in cholesteryl ester
specific activity probably reflect differences in the en-
zyme’s rate of reaction with different lipoprotein sub-
strates. In fact, calculations of the average rate of cho-
lesterol esterification indicated that four times as much
HDL cholesterol was esterificd as LDL cholesterol (22).
Moreover, the diffcrence may have been even greater,
since the calculations did not take into account the
transfer of newly formed cholesteryl esters from HDL
to LDL. Thus, these studies indicate that the acyltrans-
ferasc readily differentiates between different lipopro-
teins.

Lipoprotein structure may influence not only the
specificity and rate of the reaction, but also its direction.
A significant proportion of the lysolecithin formed by
the acyltransferase reaction apparently is not retained
by the parent lipoproteins, but rather becomes bound to
albumin (18, 25). This not only causes a nct loss of
phospholipid from the lipoproteins, but could be one
reason why esterified cholesterol and lysolecithin are
formed at the expense of lecithin, If lysolecithin is not
retained by the part of the lipoprotein surface that reacts
with the enzynie, reverse transacylation from esterified
cholesterol to lysolecithin might be greatly diminished.
If this is true, cholesterol esterification might occur less
readily in the absence of albumin. This possibility should
be explored when albumin-free preparations of plasma
acyltranslcrase become available.

Implicit in the above discussion has been the concept
that “substrate” and “product” lipoproteins exist, If
the acyliransferase reaction is a physiologically imn-
portant source of plasma cholesteryl esters (see later
discussion), then recently secreted lipoproteins that have
not reacted with the enzyme might contain relatively
large amounts of lecithin and unecsterified cholesterol,
whereas lipoproteins that have circulated in the plasma
long enough to react maximally with the enzyme might
contain less lecithin and more esterified cholesterol.
My colicagues and T (22) have reported cvidence that
lipoproteins of these types are present in plasma. We
filtered HDL from human and baboon plasma through
columus of Sephadex G-200 and mcasured the ratios of

? Akanuma, Y., and J. Glomsect. Results to be submitted. After
a 1 hr incubation of whole human plasma with cholesterol-4C,
VLDL, LDL, and HDL were prepared by ultracentrifugation and
chromatography on hydroxylapatite. Lipids were extracted and
cholesteryl esters were isolated by thin-layer chromatography (22).
In three experiments mean cholesteryl ester specific activities
relative to HDL esterified cholesterol were: HDL cholesteryl esters,
1.00; VLDL cholesteryl esters, 0.27; and LDL cholesteryl esters,
0.13. -
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lecithin to sphingomyelin and of esterified to unesterified
cholesterol in the efluent. We also incubated whole blood
with labeled cholesterol, filtered the HDIL through Seph-
adex, and measured the specific activity of the esterified
cholesterol in the efllucnt. We found that the HDILL sub-
fractions that emerged initially had lower ratios of lecithin
to sphingomyelin than those that emerged later. Further-
nmore, the specific activity of the esterified cholesterol in
the initial subfractions was lower than in the later sub-
fractions. On the basis of these results we tentatively
identified the inidal and final subfractions of the HDL
peak as “products” and “substrates” of the acyltrans-
ferase reaction, respectively,

The highly provisional nature of this identification can
be seen from the following. First, the ratio of esterified to
unesterificd cholesterol in the initial and final subfrac-
tions did not appear to fit our coneept, and we had to as-
sume that secondary changes in lipoprotein cholesterol
occur in the circulation. Sccondly, we assumed that
lecithin that has been degraded by the acyltransferase
is not replenished, and that the sphingoniyelin content
docs not change while lipoproteins remain in the circu-
lation. Both of these assinptions remain to be verified,
Furthermore, both should be coasidered in the light of
the physical exchange known to occur among the plasma
lipids. Newly formed cholestery] esters transfer from
HDL t LDIL and VLDL (20, 27); unesterified cho-
lesterol probably tansfers 1o HDE, from both cells and
lipoproteins after HDI. cholesteryl esters have been
formed by the acyltransfcrase reaction (11, 22, 28) ; phos-
pholipids can exchange among lipoproteins (29, 30) ; and,
as already mentioned, much of the Iysolecithin formed by
the acyltransferase reaction appears to move away [rom
lipoproteins onto albumin (18, 23).

Despite these problems of in lerpretation, we are con-
tinuing our cfforts to identify and isolate “substrate”
and “product” lipoproteins and are presently focusing
our attention on the LDL.. Although the acyltransferase
appears to react preferentially with HDL, it also reacts
with LDL. Therefore, “substrate” and “product” LDI,
should also exist.

Closely related to the problem of isolating and identi-
fying “substrate” and “product” lipoproteins is the
question of the effect of the acyltransferase reaction on the
physical properties of lipoproteins. Although this question
still has not rceeived much attention, one of the first
studies was performed several years ago by Tayeau and
Nivet (31, 32). They found that some inhibitors of the
acyltransferase reaction prevented or partially prevented
the increase in clectrophoretic mobility of a- and g-lipo-
proteins which is well known to occur during incubation
or storage (33, 34). On the basis of (hese results, they con-
cluded that the change in mobility might be caused by
the cholesterol esterification reaction. A second study has
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already been mentioned, i.e., our study of HDL sub.
fractions (22). We interpreted our results as cvidence that
the acyltransferase reaction causcs aggregation of smally,
“substrate” HDL into larger “product” HDL. Bot,
studies emphasize the possibility that the acyltransferage
reaction may influence the physical propertics of lipopr,
teins. However, in both cases the conclusions should be
regarded as tentative until the existence of experimenyy)
artifacts has been ruled out more thoroughly. For ex,.
ple, it is possible that the change in electrophoregic
mobility noted by Tayeau and Nivet was caused by e
release of fatty acids during the incubation and the stib.
sequent binding of these fatty acids to lipoproteins,

Fortunately, it may soon be possible to test the validiy,
not only of the above concepts, but also of the basic idea
of the existence of “substrate” and “product” lipoprg.
teins. Norum and Gjone (35 -37) have recently descrilyeq
a new inborn error of mctabolism characterized by the
apparent absence of acyltransferase activity and by the
near absence of cholesteryl esters from plasma. If, indecq,
the primary defect in this discase is the absence of plasiia
lecithin:cholesterol acyltransferase activity and not some
related, but independent disorder of lipoprotein struc.
ture, the lipoproteins in the blood of these patients should
closely resemble the “substrates” postulated to be preseny
in the plasina of normal individuals. One observation,
consistent with this possibility, has alrcady been made by
Norum and Gjone, i.e., that the ratios of lecithin to
sphingomyelin and unesterified to esterified cholesterol iy
the plasina of these patients are considerably higher thay
normal. :

'

'PROPERTIES OF LECITHIN: ;'
CHOLESTEROL ACYLTRANSFERASE

Distribution .,

Kaplan and T (38) studied the distribution of lecithin:
cholesterol acyltransferase-like activity in rat tissues. We
used an assay system that consisted of heat-inactivated
plasma and an albumin-stabilized emulsion of choles.
terol-*H, and measured the esterifying activity of tissue
homogenates as compared to that of plasma. To reduce
contamination of the tissues by blood, we perfused the
animals with saline before removing the various tissues,
and to compensate for possible extrancous tissue effects.
we incubated known amounts of acyltransferase activity
with tissue homogenate controls. We found that the
concentration of acyltransferase-like activity in blood
plasma was several-fold higher than that in any of the
tissucs. Morcover, the true plasma: tissue ratios may have
been even higher because the tissues were contaminated
with extracellular fluid. The low level of enzyme activity
that we found in the liver is of interest (sec later discus-



sion), since this organ possibly may be the source of the
plasma enzyme. If the liver does sccrete the enzyme into
the plasma, it probably does not store the enzyme in
active form. The low level of activity in the liver is also
of interest in view of the results of Akiyama, Minari, and
Sakagami (39), who found that the supernatant fraction
of rat liver homogenates contained cholesterol-eslerifying
activity similar in several respects to the acyltransferase
activity of rat plasma. Akiyana et al. (39) did not mea-
sure the relative activity of the liver acyliransferase com-
parcd to that of plasma. Therclore, the presence of en-
zvme in their liver homogenates may simply have been a
reflection of contamination with extracellular fluid. On
the other hand, the pH optinmim of the liver supernatant
enzyme was 6.5 as opposed to 7.3, the optimuwm they
found for rat plasma. Conscquently, a specific liver en-
2yme may cxist. This possibility should be explored, and
one of the first experiments performed should be to re-
determine, with a commor substrate, the pH optima of the
rat liver and plasra enzymes,

Purification

Because the plasma acyltransferase has been only partially
purified, comparatively little is known about its physical
or chemical properties. However, it is more strongly
adsorbed to DEAE-cellulose than most plasma proteins
are (40). Furthernore, the cholesterol-esterifying activity
of human plasma migrates as an ar-globulin on zone
electrophoresis (the enzyme activity has a somewhat
slower wobility than that of ar-lipopratein cholesterol),
and it cinerges from Sephadex G-200 columns in the samie
Pusition as ay-lipoprotein (40, 22). The last-named ob-
ervations suggest that the enzyme is cither very similar
o HDIL, oris complexed to HDL. That an HDL-enzyme
omplex can exist is further supported by the results of
Lossaw, Shah, and Chaikoff (41}, who found that sig-
vificant enzyme activity accompanied the HDL upon
llllrncmm‘ifugal flotation in a solution of sucrose in 1.0,
HU\\'C\'cr, the enzyme can be separated from HDI, by
fentrifugation in KBr solution that has a density of 1.21
Ll 140).

A inethod for partial purification of the enzyme that
has Iyeen suggested (40) is based on a combination of
C]H'uumwgraphy on DFAE-cellulose and  hydroxyl-
patite, precipitation with anunonium sulfate, and sepa-
fati; of the enzymc fromi HDL by ultracentrifugation.

bis 1ethod yiclded an ¢nzyme preparation that con-
tained only about 209 of the activity of the original
P!Mnm, and was only about 30-fold purified. At this stage
"ht‘ Principal contaminant appeared to be albumin, as
Jdged by electrophoresis and gel filtration. Clearly, a
Much more highly purificd preparation of the enzyme
“ould be desirable.

FACTORS THAT INFLUENCE THE
ACYLTRANSFERASE REACTION

Methods of .Assay

In most studies of the plasma acyltransferase reaction, the
esterification of cholesterol has been measured by one of
three methods. (a) Plasina or serum is incubated for 1-3
days at 37°C, and the change in unesterificd cholesterol
is determined. (b) Plasma is incubated for 1 -3 hr at 37°C,
and the initial rate of change in unesterified cholesterol is
determined. (¢) A relatively small amount of fresh plasma
is incubated for 1-6 hr at 37°C with a substrate composed
of heat-inactivated plasma and labeled, unesterified
cholesterol added as an albumin-stabilized emulsion 37)
or coated onto Celite particles (21). Unfortunately, none
of these methods are ideal and therefore the results dis-
cussed below must be considered with caution. The first
mcthod measures essentially the extent of esterification,
not the rate. The amount of substrate available (especially
lipoprotein lecithin), particularly in the 3-day incuba-
tions, is more critical than the level of enzyme activity,
Furthernmore, when a relatively large amount of unesteri-
ficd cholesterol is present, and the percentage of change
rather than the absolute change in unesterified cholesterol
Is given, a mistaken impression even of the extent of the
reaction can result. The second method depends on the
level of enzyme activity and also on the nature of the
endogenous, substrate lipoproteins. This is an advantage
if the method is to be used to estimate the rate of esterifi-
cation of plasina cholesterol in vivo, but not if the method
is to be used to assay enzyine activity per se. In the third
method the tormation of labeled cholesteryl esters is
measured. Two fundamental assumptions are made, i.c.,
that the labeled, unesterified chelesterol in the substrate
mixture has equilibrated completely with the unlabeled,
unesterified cholesterol of the lipoproteins, and that the
enzyime reacts cqually well with the preheated substrate
lipoproteins and with the endogenous lipoproteins present
in the fresh plasma itsell. In support of these assumnptions,
Portman and Sugano (21) have reported that the cal-
culated amount of cholesterol esterified is close to that
actually obtained during the incubation of fresh plasina.
Nevertheless, the third method can not be regarded as
completely independent of endogenous substrate, except
when essentially lipoprotein-free preparations of the en-
zyme arc assayced. Moreover, adequate standardization of
the third method is difficult because of the limited sta-
bility of the heated, substrate lipoproteins.

Factors That Aflect the Reaction In 1itro

Tables 1 and 2 list the factors reported to affect the
esterification of plasma cholesterol in vitro. Several de-
serve special conunent. Exogenous lecithin is interesting
(Table 1) because its effect of markedly increasing cho-
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TABLE 1 StiMuLATION OF CHOLESTEROL EsTERIFICATION IN VITRO |
Factor Method of Measurement Remarks Rdtrcn(,‘g
1. Lecithin (exogenous)  Net esterification 1 mg/ml of ovolecithin added to sheep or calf serum 7\
1-3 days -
“ “ Net esterification  9-14 mg of commercial soybeait phosphatide preparation gave maximal effect 8
1-8 days
“ # Net esterification 2.7 mg/ml of synthetic dimyristoyl lecithin gave maximal effect. Use of 9
1-3 davs higher concentrations not reported
“ “ “ 1 mg/ml of dimyristoyl lecithin stimulated, but dipalmitoyl lecithin and “di- 11
palmitoyl cephalin” did not
2. Extracts of Group .\ Net esteritication  Both rate and extent of reaction increased ; accompanied by increased opales- 12
streptococci 3 days cence of serum
3. Polyvalent anions Radioactive cho- Phosphate, sulfate, citrate, and EDT.\ all stimulated in concentrations up to 40
lesterol assay 0.2~ :
T ——
TABLE 2 InuisrrioNn oF CHoresteROL EsTeERrIFICATION IN VITRO
Factor Method of Measurement Remarks Reference
1. Heating at £5-60°C Net esterification 1-2 hr 1
3 days
¢ ¢ Radioactive cholesterol assay 30 mnin 40
2. Hemolyzed blood Net esterification Human blood incubated, then serum ana- 1
3 days lyzed. Partial inhibition
3. Sodium salts of free and Net esterification In human and dog serum complete inhibition 2,3
conjugated bile acid 1-2 days with 4 mm glyco-, taurodeoxycholate; 6
mus taurocholate, cholate, deoxycholate
Sodium taurocholate Radioactive cholesterol assay Inhibition by 5 mm of the bilesalt reversed by - 40
- dialysis (human serum)
4. Phlorizin Net esterification 1 g/liter partially inhibited (dog and human 7
serum)

3 days
5. Monobromo:cetate “

0.2 g/liter completely inhibited (dog and 7

human scium)

6. p-Hydroxymercuribenzoate  Net esterification 1-2 mu solution completely inhibited. Re- 16
1 day versed by 0.01 M mercaptocthanol
7. Thymol Net esterification 1 g/liter partially inhibited . 7
3 days .
8. Cholesterol “ Exogenous cholesterol dissolved from glaze 8
. ou side of incubation tube o
9. Phospholipase A Incorporation of labeled precursors into  Preincubation of 2 ml of extract with 0.5 mg - 17
cholesterol esters by extracts of rat plasma of Crotalus adamanteus venom at 37°C: for 20
acetone powders hr completely inhibited :
“ Net esterification Fresh hwmnan serum incubated with Crofalus
1 day : adamanteus venom completely inhibited 43
10. Phospholipase C “ ‘Comunercial preparation of Clostridium welchii 43
phospholipase C completely inhibited
11. Saponin Net esterification 5 g/liter said to inhibit, but no details given. 44
3 days :
12. Urea Radioactive cholesterol assay 4 m urea partially inhibited 40
13. Diisopropyl fluoro- Net esterification 5 X 107* m completely inhibited 42
phosphate 1 day
14. Para-oxon Estimation of change in lysolecithin onchro- 0.1 mum appeared to inhibit completely 45

15. Polyvalent cations

matograms after a 15 hr incubation
Radioactive cholesterol assay

Ca*t and Mgt inhibited increasingly in

concentrations up to 0.2 N

lesterol esterification suggests that the amount of endo-
genous lecithin in - plasma is an important determinant
of the reaction.? Since the rate of the reaction in fresh
plasma decreases long before the lipoprotein lecithin is
exhausted, the siimulatory effect of exogenous lecithin

3 This is also suggested by the inhibitory effect of lecithinase
shown in Table 2.
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further suggests that only a limited amount of the lecithin
present can serve as a donor of fatty acids. This obviously
may have important implications with respect to lipopro-
tein structure,

The fact that the acyltransferase is inhibited by sulf-
hydryl-blocking agents, and reversibly inhibited by f-
hydroxymercuribenzoate is of intcrest for practical as well




as theoretical reasons. For example, inhibition of the
enzyme is frequently useful during the preparative ultra-
centrifugation of plasma lipoproteins. Also, the reversible
inhibition by p-hydroxymercuribenzoate suggests that
one or more sulfhydryl groups cither form a part of the
active center of the acyltransferase or are important in
maintaining its configuration.

Physiological and Experimental Conditions In Viro

Relatively few studies have been done on how the pre-
existing state of individnal subjects or animals influences
the rate of cholesterol esterification in their isolated
plasma. Morcover, even fewer studies have been reported
in which changes in enzyme activity are cffectively dif-
ferentiated from changes in lipoprotein substrates. Wag-
ner and Poindexter (46) studicd the effect of age on the
extent of esterification during a 3 day incubation. They
reported that the ratio of esterified to unesterified choles-
terol after the incubation was higher in 17-20-yr old
human females than in “middle aged” females. Un-
fortunately, they did not include detailed information
about the latter, Therefore, whether the actual amounts
of cholesterol esterified differed significantly is diflicult
to determine. Later, Gherondache (47), who reported
more detailed results from a shnilar study, found that
both the absolute and relative amounts of cholesterol
esterified during a 2 day incubation were greater in
20-39-yr olds than in 40-99.yr lds. Conscquently, his
results substantiate those of Wagner and Poindexter al-
though they do not distinguish between an effect of age
onenzyme activity and an effcet of age on the lipoprotein
substrates. Therclore, further investigation of the cffect
nf.'ngcing s needed.

Monger and Nestel (48) studicd the relation between
Plasma cholesterol level and rate of esterification in a
group of individuals with widely different plasma choles-
trol concentrations. They ciuployed an assay system
Cniprised of preheated endogenons lipoproteins, labeled
cholesierol, and fresh, “active” plasma; and they found
tidence of a direct relationship between the level of
Chuk‘surr()l-cstcrifying activity and the concentration of
Plastia cholesterol., However, they did not avempt to
detwrniine whether the endogenous lpoproteins in the
different plasma samples influenced the apparent level of
Stenitving activity. The problem of interpreting results
such as these, that depend both on the level of enzyme
Clivity and on the type and level of lipoprotein substrate
Presen, is illustrated by the apparent discrepancy be-
Ween the results of Monger and Nestel (48) and those of
erondache (47). Gherondache found that Iess esterifi-
Cation occurred during a 2 day incubation in the sera of
older (han in that of younger femzles, cven though the
older females had higher concentrations of cholesterol.

his discrepancy might be related 1o differences in HDL
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levels in the two series since HDL is important in the
initial phases of the reaction (22). In any case, the value
of scparate measurements of enzyme activity and lipo-
protein levels should be apparent.

A variable relation appears to exist between sex and
plasina cholesterol esterification. Aftergood and Alfin-
Slater (49) incubated rat scra for 5 hr, and found that
significantly more cholesterol became esterified in the
sera of mature females than in that of mature males. On
the other hand, Gherondache (47), who measured the
extent of esterification in the sera of human males and
females, reported data that show no significant sex differ-
ence. Finally, Sugano, Chinen, and Wada (50) mcasured
the level of esterifying activity in chicken plasma, using
cholesterol-“C and preheated plasina as a substrate, and
found that the level was higher in males than in females
{Table 4, below).

‘The most thorough study of the effect of dict reported
is that of Sugano and Portman (51). They investigated
the effect of essential fatty acid deficiency (Table 3) by
comparing rats fed a fat-free diet, or a dict containing
hydrogenated coconut oil, with rats fed a corn-oil dict.
They found that more cholesterol became esterified dur-
ing a 5 hr incubation of the plasma of the deficient rats,
cven though the deficient plasma contained Iess than half
as much esterified and uncsterified cholesterol at the
start of the incubation. Aftergood and Alfin-Slater (49)
subsequently confirmed this finding.

In order to follow up their initial observation, Sugano
and Portman (51) compared the levels of esterifying
activity in the essential fatty acid-deficient and control
rats. They incubated aliquots of plasma from both kinds
of rats with preheated, substrate plasma from both, and
found that the level of esterifying activity was higher in
the deficient rats frrespective of the substrate used. They
also reported that the lipoprotein substrates differed in
their capacity to react with the enzyme. Finally, they
found that the increased esterification in vitro was cor-
related with an increased turnover of lipoprotein choles-
terol n vivo.

So far, no comparable studies of the effect of diet in
other specics have been reported. Favarger (52) reported
some studies of the effect of oral fat loads in man which
led him to conclude that the rate of esterification of
cholesterol in the plasma was increased during the ab-
sorption of fat. However, he used too few measurements
during the first few hours of incubation to yield reliable
results for the initial rate of esterification. Thercfore, ad-
ditional studies will be nccessary before his conclusions
can be accepted.

Several experimental conditions that affect the esterifi-
cation of cholesterol in plasma are listed in Table 3. Of
these, the effect of evisceration deserves particular men-
tion. Brot, Lossow, and Chaikofl (54) reimoved the liver,
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TABLE 3 Errecr or ExperiMeNTAL Conbprrions IN Vivo on THE EsteriricaTion oF ChoLestERoL IN ViTrRO

Factor or Condition Method of Measurement Remarks Reference
1. Essential faty acid deficiency  Net esterification Increased in rat plasma st
5 hr . \
1 it [ . (X3 “ i L1 4()
“ “ “ ¢ Fsterifying activity on labeled cho- “ “ “ 51
lesterol + heated substrate
2. Phlorizin Net esterification Decreased in plasma of dogs injected with phlorizin 7
3 days during previous 2 days
3. Ethionine Esterification of labeled cholesterol  Decreased in rat plasma 1 day after injection of 200 33
. mg
4. Evisceration b ¢ “ Decreased in rat plasma 11 hr after operation 54
5. Ligation of bile duct Net esterification Increased in dog plasma 1 wk after ligation; de- 35
creased after 3-4 wk
—

gastrointestinal tract, pancreas, and spleen from rats;
they obtained blood from the animals 11 hr after the final
stage of the operation, and stadied the esterification of
cholesterol-"C by the isolated plasmia. They found that
the plasma lrom the eviscerated rats esterified less labeled
cholesteroly and that this decrease in esterifying actvity
could not be ascribed to the presence of inhibitors or to
the absence of activators, They concluded that their
results were most probably due to a diminudon in enzyme
activity, and suggested that this dimination had been
caused by the hepatectomy in view of the known effect
of this procedure (56) on the level of cholesteryl esters in
plasma. In other words, they inferred that the liver is the
source of plasma lecithin: eholesterol acyliransferase. This
interesting possibility obviously needs to be substantiated
by dircet experimentation. For example, the plasma of
partially eviscerated animals could be compared with
that of animals that Lave also been hepatectomized, or
perfused livers might be used to obtain direct evidence
of hepatic synthesis and secretion of the enzvime. A second
implicatdon of the results of Brov et al. (54) which should
also be explored further is that the seyluansferase of rat
plasma is cither unstable per se or is rapidly degraded
by mechanisms that do not involve the liver, gut, pan-
creas, or spleen.

Lflect of Pathological Conditions

The possibility that the liver plays a role in the synthesis
and sccretion of plasma Jecithin:chiolesterol acylirans-
ferasc is suggested not only by the experiments of Brot et
al. (54) and those of Friedman and Byers (56), but also
by the changes in plasma cholesterol in patients with
liver disease. In disorders that obstruct the flow of bile,
the concentrations of unesterified cholesterol and lecithin
in the plasma are increased (57), and the relative, but not
necessarily the wtal, concentration of esterified cholesterol
is decreased. In advanced liver failure, the concentrations
of all the plasma lipids decrease, especially that of esteri-
fied cholesterol. Thercfore, plasma acyltransferase ac-
tivity conceivably might be reduced in cither or both of
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these conditions, and evidence with respect to both oS-
sibilities has been reported.

The possible course of events in biliary obstruction hy
been indicated by the experiments of Castro Mendog,
and Jimenez Diaz (55). They ligated the bile ducis of
dogs and studied the acute and chronic effects of thig
procedure on the plasma cholesterol esterification reae.
tion. 1 wk after the operation the ratio of unesterified 1
esterified cholesterol had increased, and the absoluie
concentrations of both had increased. Furthermore, whep
the plasina of these dogs was incubated for 24 hr, niore
cholesterol became esterified. However, when they re
peated their measurements in two of the dogs after 3 and
4 wk, respectively, the concentration of esterified choles.
terol had deereased, and less cholesterol became esterificg
in vitro. Castro Mendoza and Jimenez Diaz (55) also
thought they could discern a similar trend in humans
with obstructive jaundice. In most of their patients who
had normal or high absolute concentrations of plasina
esterificd cholesterol, a normal or greater than normal
amount of cholesterol became esterified in vitro. On the
other hand, when the plasma of (wo patients with low
concentrations of esterified cholesterol was incubated for
24 hr, less esterification occurred. Furthermore, in pa-
tients with kala-azar, who had low. serum cholesteryl
ester concentrations, little cholesterol becamne esterified
in vitro. Because kala-azar often affects the liver, both
findings suggest a corrclation between the acyltransferase
reaction, seruin cholesteryl ester concentrations, and liver
function.

Turner and his callcagues (58, 59) also studied patients
with a number of liver diseases. In general their results in
patients with obstructive jaundice appear to agree with
those of Castro Mendoza and Jiminez Diaz. However,
they expressed their results in terms of the percentage de-
crease in serum unesterified cholesterol during a 24 hr
incubation, and did not include the actual values for
cholesterol. Therefore, their results are not strictly con-
parable. In patients with acute hepatitis they found that
the pereentage decrease in unesterified cholesterol was



always low during the 1st wk of the illncss, whereas
esterification increased as the patients improved. Fur-
thermore, they found that esterification was decreased in
the scra of many patients with impaired liver function
caused by chronic hepatitis, cirrhosis, nictastasis, or
Hodgkin’s discasc. Again, however, they expressed their
results on the basis of the percentage decrease in unesteri-
fied cholesterol during a 24 hr incubation. Since they
defined one “enzyme unit” as that “amount of activity
capable of producing a 194 decrease in the original level
of frec cholesterol,” the absolute amounts of cholesterol
esterified may have been normal or even high in some of
their patients. The general problem of interpreting re-
sults of this type was bricfly discussed carlier. In any
study of the effect of physiological or pathological condi-
tions on the acyltransferase rcaction an attempt should
be made to differentiate between alterations in the plasma
lipoprotein substrates and alterations in the level of acyl-
transfcrase activity. Morcover, in pathological conditions
the presence of inhibitors should also be ruled out. The
possibility that soluble cholesteryl ester hydrolase ac-
tivity, released from tissues as a result of cell damage,
might be present should be kept in mind. Both pancreas
and liver contain enzymes of this tvpe (60, 61) so that in
disorders such as acute hepatitis, Lydrolase activity that
could offset the activity of the esterifying enzyme might
be present in the plasma.

Familial Plasma Cholesteryl Ester Deficiency

This newly discovered inhorn crror of metabolism (35—
37) has alecady been mentioned briefly, The three sisters
who have this disease have normiat or inereased amounts
of cholesterol in their plasma, but less than 109 of it is
esterified. Furthermore, no plasma acyltransferase ac-
tivity is demonstrable either with the patients’ own
Plasnia or with heated plasma sabstrate from normal
individuals. Radioactive cholesteryt esters appeared in
the plasma of two of these patients after they had ingested
cholesterol-"1, but only traces appeared after one of the
Patients was given an intravenons injection of mevalo-
Hate-"H. These findings suggest that the primary defect
in this disease may be a genctically determined lack of
Pl acylransferase activity. However, the levels of
Plasia HDL are abnormally low in this discase, so that
the primary defect could involve 1DL instead, or some
other related, but independent defect in the liver.
Despire this uncertainty, the chinical findings are partic-
ularly provocative. They are: proteinuria, ancmia, hy-
Purlisidemia, and corneal arcus. Morcover, histopatho-
lf’{x’i(: U specimens from bone marrow and kidney contain
Wz cells A These findings raisc interesting questions

‘1t is worth noting that paticnts with Tangicr discase (familial
Hi, deficiency) have foam cells that contain cholesterol (62).

0

about the physiological role of the acyltransferase reac-
tion,

PHYSIOLOGICAIL ROLE OF THE
ACYLTRANSFERASE REACTION

Formation of Plasma Cholesteryl Esters In Vivo

A number of reasons exist for believing that the acyl-
transfcrase reaction is a physiologically iimportant source
of plasina cholesteryl esters. These are:

1. In human plasma the rate of cholesterol esterifica-
tion in vitro agrees well with the calculated rate of
esterification in vivo (Table 4). In other species in which
comparisons have been made the rates of esterification
in vio are at Jeast hall the calculated rates in vivo
(Table 4).

2. The pattern of cholesteryl esters formed by the acyl-
transferase reaction during the incubation of human
plasnia is very similar to the patiern of cholestery] esters
in fresh plasma (21). No other enzyme has been shown
to yicld this pattern. Similaritics also exist in the rat (15,
28), but in contrast to man (64), the composition of the
VLDL cholesteryl esters differs appreciably from that of
the LDL and HDL cholesteryl esters, and does not appear
to be compatible with the specificity of the acyltransferase
(15, 16, 28, 65). This is particularly true for the choles-
terol-fed rat, in which the composition of the VIDL
cholesteryl esters, like that of liver cholesteryl esters, is
characterized by a predominance of palmitic and oleic
acids (65). Both this and the results of tracer experiments
(66) suggest that all or nearly all of the VI.DL cholesteryl
esters may be derived from the liver.s

3. The relative incorporation of labeled cholesterol
into the cholesteryl esters of human plasma HDL, VLDL,
and LDIL in vivo (20) is similar to that found in vitro.?
Also, the incorporation of labeled cholesterol into the
cholesteryl esters of HDL subfractions in the baboon is
similar in vivo and in vitro (22).

4. Acyliransferase activity and esterificd cholesterol
are both absent or nearly absent from plasina in familial
plasma cholesteryl ester deficiency. This is clearly sig-
nificant, even though it has not vet been established
whether the mechanisms of cholesterol esterification in
the liver are normal in this discase,

5. The concentration of lecithin:cholesterol  acyl-
transferase is considerably higher in plasina than in tissues

§ Nevertheless, the results of Heimberg, Van Harken, and Brown
(67) may also be mentioned. They perfused livers from rats fed
low-cholesterol diets, and found that VLDL released into the
perfusate contained few if any cholestervl esters. Since VI.DL pre-
pared from the fresh sera of the same rats did contain cholesteryt
esters, these in vitro experiments raise the possibility that many of
the cholesteryl esters of rat plasma VLDL may be derived from the
plasma in vivo.
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TABLE4 RaTEs OF EsTERIFICATION OF PLASMA CHOLESTEROL
Ix Vivo anp In Virro

Rate
Species Tn Vive in Vitro Refercnce
umolef/ml/ by

Man 0 12* 63

0.11% 16

0.12% 21

0.061 48

Ccbus monkey 0.17* 0.24%1 28

Rat 0.16* 0.08% 28
Chicken

Male White Leghorn 0.131 50

Female White Leghorn 0.08% 50

Female White Leghorn (laying) 0.04% 50

* Calculated on basis of data obtained on injection of mevalonie
acid-*H.

+ Difference in unesterified cholesterol in fresh plasma.

1 Assayed with heated plasma cholesterol-HC substrate.

(38), which suggests that the enzyme may have a specific
function in plasma.

Reasors for believing that the acyltransferase reaction
is not an important source of plasina cholesteryl esters
have alse been advanced. Tn particular, the liver has
scemed the most likely source of the cholesteryl esters of
plasma lipoproteins. Plasina cholesterylester formation is
greatly reduced in hepatectomized animals (56}; good
evidence exists that most of the plasma lipoproteins are
synthesized in the liver (68); the liver contains an active
cholesterol-esterifying enzyme system (69) ;5 and some in-
vestigators have reported thatliver cholesteryl esters have
a higher specific aciivity than plasma cholesteryl esters
after the injection of labeled cholesterol (70).

However, the efieet of hepatectomy is no longer
relevant in view of the evisceration experiments of Brot
and his colleagues (54) discussed carlier. Furthermore,
the existence of plasma Jipeproteins that are essentially
cholestery! ester-free in the patients with familial plasma
cholesteryl ester deficieney indicates that lipoproteins of
this type can be synthesized and secreted. The most
studied lver cholesteryl-esterifying enzyme, which appa-
rently is the mmost active (69). preferendally forms choles-
teryl oleate and palmitate; these esters do not oceur in
large amnounts in plasma. The importance of the second
cholesterol-esterifyving enzvime in rat liver (39, 71) as a
source of plasma chiolesteryl esters remains to be estab-
lished. Finally, with respect 1o the isotopic evidence of
Swell and Law (70) that the specific activities of choles-
teryl linoleate and arachidonate were higher in rat liver
than in rat plasma after the injecton of unesterified
cholesterol-#C, Sugano and Portiman (28) performed
similar experiments and reached almost exacily opposite
conclusions,

The recent experiments of Gidez, Roheim, and Eder
(66) demonstrate the difficalty of interpreting results
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based on studies of unfractionated plasma and liver. They
injected rats with labeled mevaionate and subfractimm[ca
the cholesteryl esters of individual plasma lipoprotejp,
and rat liver organelles after approximately 2 and 8§ .
They showed that the cholesteryl esters of the liver ijcrq,
somes had the highest specific activities at the carlicr iy,
period, and that the specific activities of the satiraeg
and monounsaturated esters were scveral times hiq;]cr
than those of the most active plasina lipoprotei: .y,
VLDL. On the other hand the specific activine of .
microsomal tetracnoic cholesteryl esters was only slighy,
higher than that of the corresponding HDL esteis, The
authors concluded that liver microsomes might i,
main source of the satwated and monounsaturaey
cholesteryl esters of the VLDL. However, they alw o,
cluded that their data were “not inconsistent w:ii g,
extrahepatic synthesis of cholesteryl arachidonate on i,
d > 1.063 lipoproteins” because so much more cholesien
arachidonate was present in plasma than in the liver,

Role of Plasma Acyliransferase in Cholesterol Transport

If the acyluansferase is a physiologically imporan
source of plasma cholesteryl esters, an important questioy
remains to be answered, i.e., why should a specific cho.
lesterol-esterifying enzyme exist in the plasma? Ope
highly tentative possibility is that the acyltransferase reac-
tion plays a role in the transport of cholesterol from
peripheral tissues to the liver, and therefore, in a sense,
in membrane homeostasis. Some mechanism probably
exists for the transport of cholesterol from pcriphcra.]
tissues, because most peripheral cells can synthesize
cholesterol (72), whereas none are known that can cata-
bolize or excrete it.® Furthermore, the experiments of
Murphy (11) suggest that the acyltransferase may be
part of such a mechanism. He incubated erythrocytes in
serum that first had been separately incubated at 37°C
for 24 hr, and showed that a net transfer of unesterified
cholesterol from the erythrocytes to the serum occurred.
He also showed that the luss of erythrocyte cholesterol
was related to the amount of esterified cholesterol formed
in the serum during the preincubation, and concluded
that this loss was due to a shift in the equilibrium between
erythrocyte and lipoprotein  unesterified  cholesterol
caused by the esterification reaction. If a similar relation
exists between lipoproteins and the cells of tissues such as
muscle and kiduey, the conditions for a cholesterol wans-
port mechanism might be satisfied. The following evi-
dence is compatible with this possibility:

1. Courtice and Morris (73) have shown that both
ay- and B-lipoproteins are present in the peripheral lvinph
of the rabbit; and Voigt, Apostolakis, and Beyer (74

& Cholesterol can, however, be lost from the body through
sloughing of the skin and intestinal mucosa.



have shown that human peripheral lymph also contains
soluble lipid that is presumably protein-bound.

2. Peripheral lymph of both humans and nionkeys
contains cholesterol-esterifying activity, as shown by in-
cubation experiments with labeled cholesterol.”

3. The unesterified cholesterol of most peripheral tis-
sues appears to be in equilibrium with that of the plasma
lipoproteins (75-77). Therefore, the following sequence
of events can be postulated. Plasma lipoproteins (par-
ticularly HDL) and plasima lecithin:cholesterol acyl-
ransferase enter the interstitial fluid of peripheral tissues
along with other plasina proteins such as albumin (78)
and 6.68S y-globulin (79) ; lipoprotein cholesterol is esteri-
fied by the acyltransferase reaction; the “product’” lipo-
proteins subsequently pick up unesterified cholesterol
from ccll membranes; finally, the lipoproteins reenter the
plasma via the lymph and release their excess cholesterol
in the liver. This hypothetical concept is illustrated in
Fig. 1. '

One objection to this mechanism is that erythrocytes
are the only cells for which a net transfer has so far been
demonstrated in vitro, and a net loss of erythroeyte
cholesterol has not yet been demonstrated in vivo. A Joss
may be found when better methods for separating young
and old erythroeytes become available, Flowever, it is
also possible that very little loss normally occurs because
of compartmentation within the body. Thus, the cells of
the blood and liver can be viewed as occupying one com-
partment which is partally separated by capillary endo-
thelium froni a second compartoent which contains cells
of other tissues. Blood cells and liver cells can be included
i the same comparuuent for present purposes because of
the relatively unrestricted diffusion of plasma proteins
between the hepatic intravasculir space and the space of
Disse (80). On the other hand diffusion between the first
and the sccond compartment is limited, particulady in
the case of the larger plasma proteins (81). Both com-
Partiments contain plasina lipoproteins and plasma acyl-
ransferase, and in both of them unesterificd cholesterol
i cell membranes is in cauilibrium with the unesterified
tholesterol of circulating lipoproteins. The concept, then,
l that the deficit in lipoprotein unesterified cholesterol
i the first compartment is largely made up by the liver
cells, whereas the deficit in lipoprotein cholesterol in the
Yo compartment is made up by peripheral eclls be-

S Glomset, 1. Unpublished results. Peripheral lymph was ob-
“ined from the leg of a patient with a lymph fistula. An aliquot
*Sicubated with 9 volumes of substrate composed of cholesterol-
*and heated human plasma (40). and the amount of labeled
"I‘Uk’slvryl ester formed was compared with that formed by a
‘Milarly incubated aliquot of the patient’s plasma. The lymph:
" ratio of ¢holesterol esterifying activity was 1:22, A similar
“prriment was ako performed with subcutancous lymph obtained
Fan the leg of a pigtail monkey. In this experiment, the ratio of
‘mply enzyine to plasma enzyme activity was 1:10.

\ cell

lecithin: PL
m‘t(::mbrane cholesterol  PL
1 C
PL PL
v . P ocyltronsferase PL
C‘ PL
PL o € high density
lC lipoprofein

6 from membrane
4 & p_msncql Uptake of CE,
PL equtlibration replenishment of PL
(': by liver
pL PL
1 PL CE
IC ¢
PL PL

Iie. 1. Postulated mechanism for the transport of cholesterol
from membrancs of peripheral cells to the liver. Lecithin:chol-
esterol acyltransferase reacts with circulating lipoprotcins to form
cholesteryl esters from unesterified cholesterol and lecithin,  The
lipoproteins subscquently pick up unesterified cholesterol from cell
membranes, circulate through the liver, and rvelcase esterified
cholesterol. €, unesterified cholesterol; CE, cholesteryl ester; PL,
phospholipid.

causc the circulating interstitial fluid proteins remnain out
of contact with the liver for relatively long periods (82).

Other Roles of the Aeyltransferase Reaction

Since the acyltransferase reaction is often referred to as
the “plasma cholesterol esterification reaction,” a role of
the reaction in cholesterol transport might seem logical.
However, the possibility that esterilied cholesterol is ouly
a by-product, and that the principal physiological role of
the reaction is connected with the changes in lipoprotein
phospholipid, should also be considered. 1t would be
surprising if the conversion of lecithin to lysolecithin and
the subsequent loss of lysolecithin from lipoproteins did
not have important effeets on lipoprotein structure and
metabolisim. Furtherinore, the lysolecithin formed by the
reaction is probably metabolized rapidly by cells of the
liver and other tissues (83); and studics have only just
begun of the physiological role of this lysolecithin,
Finally, the fact that patients with familial plasma choles-
teryl ester deficiency have anemia and proteinuria intro-
duces the possibility that the acyltiransferase reaction may
affect the still poorly understood mechanisims that control
erythroeyte destruction and the handling of plasma pro-
teins by the kidney.

CONCLUSIONS

The data discussed in this review indicate that the plasma
cholesterol esterification reaction is catalyzed by a plasma
lecithin: cholesterol acyliransferase, and support the con-
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clusion that the reaction is a physiologically important
source of plasma cholesteryl esters. However, they leave
many questions unanswered. One question concerns the
role of lipoproteins in the reaction, and the effect of the
reaction on lipoproteins. I the interaction between the
enzyme and its lipoprotein substrates is relatively specific,
the enzyme may be useful in the study of natural and
reconstituted lipoproteins. A seccond question concerns
the nature of the factors that coordinate the formation
and breakdown of plasima cholesteryl esters with the for-
mation and breakdow n of plasina lipoproteins. Consider-
ably-more information will be required o explain how a
relatively constant ravio of esterified 1o unesterified cho-
lesterol is maintained in the plasma. Finally, the physio-
logical role of the reaction remains to be clarified. If
plasma cholesteryl esters are formed extracellularly, it
would be logical o infer that the reacton has a broader,
extraccllular function. At present littde is known about
the factors that contiol the mietabolism of plasma lipo-
proteins once they have entered the circulation, and
knowledge of the metabolic interaction between circula-
ting lipoproteins and the Lipoproteins of cell membranes
is alimost as limsited. The plasiue lecithin: cholesterol acyl-
transferase reaction could plav a role in cither or both

of these areas.
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Expcrimental Atherosclerosis and Soya Lecithin*

Hoxmer D, KEsTEN AND Rutii SILBOWITZ.

From the Department of Pathology, College of Physicians and Surgeons, Columbia
Universily, New York City.

The well established Hpotropic property of lecithin in the preven-
tion of fatty livers and the partial protection apparently afforded by
soy bean flour apainst chalesterot-induced atherosclerosis in rabbits,?
shggested the investigation of the effect of soya lecithin on ex-
perimental atherosclerosis,  Accordingly 23 voung adult chinchilla
rabbits were divided into 3 groups.  All were fed 150 mg of
chalesterol dailv in oil added to a basic dict consisting of white
Aour, alfalfa, linseed meal, carrots and salt mixture.t  Group A
received nothing more.  Rabbits of Groups B and C received 5 g
and 1 g respectively in the dict daily of crude soya lecithin (approxi-

“-A'i'f;irﬂ ;(yorj; hus been nided by a grant from the Ameri;;”iccithin Company,
Ine.



72 ATHEROSCLEROSIS AND LECITHIN

mate composition : lecithin 20%, cephalin 20%, oil 309, phytosterols
2%, inositol and allied compounds 15%, carbohydrates 10%). The
oil content of the several diets was adjusted to equality. The rabbits
were killed after 4 months of feeding~and the aortas and viscera
examined, both grossly and histologically.*

Table T indicates the findings,  Seven of the 8 animals receiving
cholesterol alone developed atherosclerosis of the aorta (for the most
part of moderate degree). Only 2 of the 7 in Group B that received
the addition of 5 g of soya lecithin daily developed lesions (of mini-
mal degree), and 2 of the 8 in Group C that consumed 1 g of lecithin,
The average level of blood cholesterol of the rabbits, in Group A, at-
tained 430 mg (= 150) per 100 cc, in Group B (5 g lecithin) 210
mg (= 75), and in Group C (1 g lecithin) 300 mg (= 100). The
livers of all the rabbits were normal grossly and histologically.

How much of this protective effect of lecithin on cholesterol de-
posttion is due to choline is problematical.  Choline has been found by
Steiner,” Baumann and Rusch,® and Himsworth? to have no effect on
the Lypercholesterolemia of cholesterol-fed animals.  Daumann and
Ruscli, and Himsworth reported also no effect on cholesterol depo-
sition 1 the aorta, but Steiner abserved a delay in the production of
atherosclerosis. A 4th group of rabbits received 195 mg of choline
chloride per rabbit per day (equivalent to the choline content of § g
of erude soya lecithin).  The incidence of atherosclerosis was sharply
less than in the animals receiving cholesterol alone, but only a liitle
greater in degree than in the groups fed lecithin,  However, hyper-
cholesterolemia in this group [340 mg (:£160) per 100 cc] was
more severe than in the animals receiving 5 g of lecithin daily. It

TABLI 1.
Effeet of Soya Leeithin on Cholesterol Selerosiys.

tabhits Degree of sclerosis
R of aorta
No. No. Percentage N
Diet used sclerotic sclerotic + +4 -
A. Basic 8 7 88 2 5
B. Lecithin 5 g 7 2 28 2 0
C. " 1 8§ 2 25 1 1
D. Choline 8 3 38 1 2

-+ No lesion visible grossly, or doubtful, Lut ovne was evident microseopically.
-+ Selerosis evident grossly ns one to several atheromnatous plaques.

"1 Mecker, D. R, and Kesten, 1. 11, Arch. Path., 1941, 31, 147,
2 Steiner, A., Proc. Soc. Exr. Bron. aNp Men,, 1031, 38, 231,
3 Baumann, C. A, and Ruseh, 1. P, Proc. Sor. Exp. BioL. aND MEp., 1938,

88, 647.
4 Himswortl, H. P., deta Med. Scand. Suppl., 1938, 90, 158,

NErvE CONCUSSION 73

seems likely that, with this high blood cholesterol, the animals fed
choline would shortly have developed more extensive atherosclerosis,
Further work is nceded to clarify this point.

Sununary. The feeding of soya lecithin to rabbits receiving chol-
esterol restricts hypercholesterolemia and diminishes the incidence of
experimental arteriosclerosis,
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Incorporation of Dietary Lecithin and Lysolecithin into

Lymph Chylomicrons in the Rat*

Rorenr 0. Scow

‘ (Received for publication, May 31, 1067)

From the Laboratory of Nutrition and IEndocrinology, National Institule of Arthritis and Metabolic Discases,
National Institutes of Health, Bethesda, Maryland 2001
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Frone the Lipid Rescaveh Laboratory, Department of Medicine B, Hadassal University Hospital,

Jerusalom, Tsrac
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 Froin U Departinent of iaperineental Medicine and Cancer Rescarch, Hebrew Unwiversity Hodassah Medical

School, Jerusalem, Teracl

SUMMARY

Incmpc;ration of dictary phospholipids into lymph chylomi-
crons was studied in rats fed corn oil containing either
radioactive lecithin or lysolecithin., ‘The specific activity of
lecithin-?2P in chylomicrons relative to that in the oil in-
creased directly with the amount of Iccithin fed, whereas the
lecithin content of chylomicrons was constant. About 40%
of the phosphelipid in chylomicrons was derived from the
meal when the lecithin content of the meal was 6 to 119,
Wien 1-palmitoyl-9,10-*H-lecithin-**P was fed, one-fifth
of ;e 3H recovered in chylomicrons was present in lecithin
ar the ratio of ¥T1:%*P in lccithin in chylomicrons was the
$. ¢ as that in the oil. When 1.palmitoyl-9,10-%l, 2-
li ,eoyl-1-HC-Jecithin-* was fed, 5% of the “C recovered
i ylomicrons was found in lecithin, and the ratios of “C: 3
ar! of #C:3°P in chylomicron lecithin were only 2095 of that
i -ie Jecithin fed, The ratio of choline-3H to 2P in lecithin
of . aylomicrons collected from rats fed choline-(methyl)-3H
lec ain-32P was the same as that in the oil meal. Up to 40%
of “.acyl lysotecithin-*P fed with corn oil was recovered in
¢th+ omicron lecithin in 6 hours. The findings indicate that
dic ary lecithin is hydrolyzed and absorbed as lysolecithin
an. subsequently reacylated before being incorporated into
lymph chylomicrons. ,

< Thix researeh was supported inpart by Rescareh Grant 17-5705
from the National Institutes of Health, United States Publie
Health Serviee, Bethesda, Maryland.

Absorption of phospholipids from the intes‘ines was studied in
rats by Artom and Swanson (1) by measuring the incorporation
of 2P from either phospholipids, inorganic phosphate, or glyeerol
phosphate into phospholipids of the blood.  They found that the
speeific activity of gerwn phospholipids was much higher in rats
fed labeled phospholipids (solated from Hver) than in those fod
labeled inorganice phosphate with unlabeled phospholipid.  They
concluded that come of the phospholipid fed was absorbed as in-
tact molecules.  Bloom ef al. {2) found in rats a Ligher recovery
of palmitic acid "C in ehyle phospholipids when the labeled [atty
acid was fed in the form of hepatic phospholipids than in the form
of tripalmitin. They interpreted their findings as showing that
some of the phospholipid fed escaped hiydrolysis and was incor-
porated intact into chyle phospholipids. Blomstrand (3) cor-
roborated these findings with studies in the rat with doubly
labeled phospholipids, labeled either in the glyceryland fatty acid
moieties or in the fatly acid and phosphate moieties.

Since leeithin is the predominant phospholipid hoth in liver (4)
and in lymph chylomicrons (5, 6), the above findings would sug-
gest that lecithin is absorbed intact from the inteslines.  Ou the
other hand, there is evidence that lecithin is readily hydrolvzed
to lysoleeithin in the intestines (7) and that the small infestines
contain a very active Iysolecithin-aevlating svstern (8). The
present study was underfaken to test the hypothesis that dietary
lecithin is hydrolvzed 1o lysolecithing absorbed, and reaeyviated
before being ineorporated into chylomierons of intestinal Iymph.

4910



1920

EXPERIMENTAL PROCEDURE

Preparation of Labeled Phospholipids——Rat liver lecithin (diacyl-
glveerviphosphoryl choiines faboledd witch eithier 2P or palmitate-
D10 H was prepaved as proviouslv dewedibed (9. Lysoleeithin
tacylglyeerviphospheryl Cholined labeled in either the phos-
phate or fatte actd was prepwred frong tat diver leeithin with
¢ rotalus adapwntors veaom according to the method of Long and
Pennyv (105, 1-Palmitovl-0 00 1, 2 Hnoleovl-1-5C feeithin (1-
palmitov-49.105H, 2-moleovi- BCghveerviphio=phorel chioline,
was  prepared by oaevlating Tpalmmoyi-00 102 H-hvsole crthin
(L-palmitovi-9,10- Heglveervlphosphorel choline) with linofeie
acud- 140 by the mwethed of Reberrson and Lands (100 i The
above radioactive maeriale were purchased from the Radio-
chemeal Contres Noer-ham, Groar Denaaing Sovhean lecithin
was labeled with either =P o choline omethy -9 b the methed
af Holzl, Chattergee, and Hodmme: 1250 (Choline ehloride-
(methy D -Fowas purchozed from New England Nuelew Corpora-
imcubated  with o labeted
The bewns wepe then

o) Gersvnating ~ovheans were
phesphate or choline for 24 hours an 377
mineed and lunogenized ina Weaing Blendor with 20 volumes
of chlavoior-menthanaol (201, vivy, The mixtare was Altered
and the resvbue was extracted overnieht with X0 volunes of chlo-
roforme-methanol at room tempernve. The lipid extacts were
combined and purthed qeeardine to e method ol Foleh, Lees,

and Sloane Standey (132 ana the lecithin was separated on s

Hieie acid cotunim (14,

The purity of each bateh of feeithin and lvsolecithin was
certained by thin laver chromate zrapby (15), aud those batches
wed were moze than 95, pure, Unlabeded lecsithin olated from
rat liver wos weed as diluent. Lecithin and lyvsolecithin were
dissolved incdiethyl ethor sl nixed with corn oil with 2 Ventex
The ether was then

Junior mises (Fisher Seiontihe Company),
evaporated with a stregn of ninogen or undey reduced prescure,

Collectiom of Lymipl- Feraie 1ats of the Hebrew University
strom ted Pwina chow and weighing 146G to 200 ¢ were nsed in

thest studices. On the Jday before the experiinent the rais were

Origin o Leeithin in Rat Lymph Chylomicerons

25U
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anesthetized with ether and a cannuda made of PE50 4,

ethvlene) tubing (Clay-Adams, Inc.) was inserted info b, h

slominal portion of the thoracie duet (anterior to the - .y

clivli) according to the method of Bollman, Cain, anig o

(16). <The rats were then placed in individual restpaing "

and given 0.85°7 NaCl solution to drink and nothine @ ’
On the day of the experiment the rats were fed bs

tube 0.5 or 1.0 ml of corn oil eomtaining labeled pho-ph .

chyvle was collected in chilled glass tubes for three | :

Lhowrs each. The flow rate averaged LY md per hos
vidual ammals the flow ranged trom 0.3 to $.0 ml per ',
chyle was kept at 2-4° until zeparated imto chylo;,
Clots in the chyle were remuonve -

infranatant fractions.
g them on a wooden <tick.

The chyle collected during cach 2-hour period was i ;
cold 0857 NaCl ~olution to a fingl volume of 8 nl. ‘
iiliters were takeu for anadyses of whole ehvle and 5
into a nitrate cetlulose tube and centrifuced for 1 haur o L.
rpm CESS,0000 X ¢) in i swinging bucket motar SWo -
Spineo model Loaltracentrifuge at 2°,

The infranatant fraction was removed at once by dyay,
through @ small pinhole made i the lower portion of (5.
celulose tube. The first 3 ml collected were used for anglven |
the infranatant fraction. The compact chylomieron Javer wi,:, :'
formed during cemtrifugation wmally stuck to owe side of
tube when the infranatant fraction was rmoved.  The norie
of the tube to which the eake was attuched wes o :;ur A
washed with & ml of 0.85¢7 NuCl =olution al room teupemy;,
H the chylomicron cake did not stick to the wall of the by,
it was collected at the bottum of the tube by duadning off wi

the infranatant fraction. The chylomicrans were suspended i
0850, NuCl by gentle aspiration and expression with o gli
Three milliliters ol the suspension wive ke
The 1oin,
amount of lipid eonstituents in chylomicrens, however, was o
ternined by difference between that present in whole ehivle an

Pastenr ppette.
tor anulyvses of the composition of the chylomicrons.

Taviw 1
Lipid and Epid-2 content of dboraciv duel bymph in rats tube-fed corne oil conteining different amounts of lecithin labded with #»

Lecitbin content P
ot oil® Amount of oil fed i
Frotal lipidsi

Rat No. :
i
-

‘o 33 ! mi
16 .06 ! 920 Pooo
17 0.06 ‘ 160 1|
18 .4 1 340 L
19 ‘ 0.6 | 340 S 0 I
20 , 1.6 : 340 ‘ 08y
23 5.5 | 400 B RO
26 6.9 420 130
24 ‘ .5 420 T
29 7.4 ‘ 440 Ioam2
30 T4 140 L2500 |
31 7.4 110 CoT
22 70 480 225
25 11.1 153 cooaas

Chyle CLylomicron
I'hospholipids ; Lipid-:p iTotzl lipids‘ Phospholipids ¢ Lipid-¢
mz ' my ;% total Lipids, 7 da:e

23.7 10 318 134 | 420w
13.8 19 I 149 ' 74 5.0 15
3.0 .5 10 I ’ 6.2 !
126 ¢ 11.8 | 14 | | a2
7.1 7.0 | 9 i [ 3.0¢
1.8 1. § 0 N7 88 | el 6
iBo 1w ou .60 55 8
2.0 0 BT C15.0 } $1 o2
7.5 ' 63,18 P11 3.3 15
148 0 59 | 18 | 89 {33 115
178 6.7 17 R b WYV R B I
13.9 5.2 13 200 | 63 | 4.7 10
18.8 3 13 D 3 - S O S

¢ Lymiph was collested for 6 honrs after tube feeding.

ELeeithin: =P isolaied from vas Hiver was added to the ol fed to all rats except Rats 29, 30, and 31 vee Footnote o).
¢ Measured in chvlomicrons coileeted during the first + hours after feeding,
¢ Lecithin- P ssalated from sovoewn and diluted 1215 with nondgbeled lecithin isolated from rat liver was added to oil.
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thatpresentin the infranatant fraction.  All aliquots for analyscs THORACIC DUCT LYMPH
were taken on the day of the experiment. - -
Analytical Methods—Lipids in chyle, chylomicrons, infranatant o _ /nfranatont ]
fraction, and coru oil were extracted with chloroform-methanol g V2 chytomicrons /
12:1) and purified according to the method of TFolch et al. (13). 7 - / .
Lipids were separaled on silicie aeid columms by the method [‘—f a k- 7 .
of Newman, Liu, and Zilversmit (1.1).  Neutral lipids and free 3 /] o
fatty acids were cluted with 5% methanol in chloroform; phos. ? I i / / T
phatidyl ethanolamine and <erine with 207 methanol in eblo- % 2t ) 7 / ]
roforin; Jeeithin with 422 methanol in chloroform; and Iysoleci- T : ] ’/
thin and sphingomyelin with mcthanol alone.  The methanol I 1 / / 7]
contained 31‘/'(7 \j:m:r. Thin layver ehromatography (15) was used o) W 7/7! RS2 o /
to verify purity of fractioms.  Lipid fractions were analyzed for
total cetevified fatiy acid content (17) and phosphorus content 10 - —
(18).
Radionetivily was determined in a liquid seintillation spee- 8 |- —
trometer (Packard Tri-Carb model 4322) with 10 ml of toluene 7
containing 0.4 diphenyloxazole and 0.01¢, p-bis-[2-(5-phenyl- 6 |- Z |

oxazalyDibenzene as the seintillating fluid,  Fractions seraped
from 1he thin layer ehiromatographic plates were suspended in the
seintillation fiuid with Cab-O-810 (0. The gain und diserimi-
nators in each channel were set co that 1 was connted with a -
relative efficieney of 1006¢ in Channel A, 3¢ in Channel B, and . . / monsa
30¢0 i Channel C5 33 was counied w.th a rvelative eflicieney of O Lo ;:%_,_[ [ s A
100¢; in Channel B, 0.2% in Clunael C, and was totally dis-
criminaied from Chaneel A spd #C vas connted with a relative 06 -

LIPiD - 320 (% dose)

7
; I

effiviency of 1006, in Chameel C, 407, in Channel BB, and was o
e 4 . e .. C L .
totally diseriminaied from Clannel Ao Relative specific activily ;i s
of ™1 in phospholipids of the various lymph fractions was deter- g g4 Lo 2 .
mincd by dividing the speeific activity (2111 in each fraction by & //f/ /f/////
the specific sctivioy (47:P) in the il ineal, ;;J 9 //,/ /;/;’ 7
a > s
L 0.2 - 7, e ’/ ed 77 a
Tann 11 O ¥ ‘ /
Relativé specific activity of plosplkolipils of thoracic duct lymiph ] B IR / ,/// i 7]
4 i ni Tere : « 1 7, I |
of rals tube-fed corn ol containing differant amounts of ol ki o [ ;
lecithin lebeled wiih 2P 0-2 0-4 4-6
T HOURS AFTER MEAL
Relative specific activity L. .. .
Rat N Lecithin content of plospholipids ia Fi¢. 1. Phosphaolipid and lipid-*P content of thoracie duet
b ae of oil e e e Lymph of rats fed corn oil containing leeithin-*P. Rats 24, 25,
Chyle Chylomicrons | Tufranatant  and 26 were used in this study.  The values given are the means of
P EU N ———— R - e~ three experiments. IRSA, relative specific aetivity.
% P/ 3P P) in ol
16 0.06 0.003 0. 0048
ESULT
17 0.06 0.002% | 0.0042 RESULTS
18 0.4 0.029 0.041° Lecithin-#P—TIncorporation of phospholipid of dietary origin
7)” 0.6 ('-sz’ 0‘029f into Iymph chylomicrons was first studied in rats fed corn oil
N 1.6 0.10: 0.121 containing different amounts of lecithin labeled with P (Table
3 3.5 0.08] 0.096 4.052 e . . 6 W
o , ; I). The total lipid content of the cliyle collected for 6 hours was
0 6.5 0.225 0.298 0.099 ) . ey e e sy —
Y 6.5 0,314 0.440 0.156 equal to 30 to 709 of that fed, whereas the lipid P was 8 to 27 9.
" 7:4,, 0:332 0.370 0:173 The total phospholipid content of‘('¥1\'lo, (-ol.lu('ted _fm’ 6 hours,
0 744 0.388 0.412 0.165 ranged from 7 to 24 mg.  Phospholipids constituted 5.9 to 11.8¢¢
'l 7 44 0.303 0.394 0.1927 of the lipid 1o chyle and 3.3 to 6.2¢;, in chylomicrons.  Inereasing
r2 7.9 0. 254 0.220 0.064 the lecithin content of the oil inereased the amount of hipid re-
5 11.1 0.3144 0.460 0.205 covered in chyle but had no effect on its phospholipid content.
T o s o i e e e The relative speeific activity of chylomieron phospholipids, how-
I mph was collerted for 6 hours after tube feeding, ever, increased directly witl the lecithin content of the meal

CLecithin-2P izolated from ral liver was added to the oil fed to (Table 11)
all ra s except Rats 29, 30, and 31 (sce Footnote d). A
¢ Measured in ehylomicrons collected for fivst 4 hours after tube
Cein 1, )
«  Leeithin-2P isolated from soybean snd dituted 1:5 with non- the relative specifie activity of phospholipids in the chylomicrons
Yabeled Jogithin isolated from rat liver was added to the oil. averaged 037, These observations indicate that at least 37 ¢ of

The phospholipids in chylomicrons had a relative
specific activity 2 to 3 times that in the infranatant fraction.
When the lecithin content of the oil was between 6.5 and 117,
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the lipid phosphorus in chylomicrons ean be derived from dictary
lecithin if the lecithin content is high enough, at least 6.5%..
Distribution of phospholipid and lipid-3P between the chylo-
micron and infranatant fractions of lymph colleeted during three
different intervals is shown in Fig. 1. The chylomicron fraction
contained 0.5 mg of phospholipid in the first 2-honr collection,
6.5 me in the second, and 3.7 mg in the third, whereas the in-
franatant fraction contiined about the same amount, @i average
of 2.5 mg, in all collections. About 60¢¢ of the phospholipid
collected during the 6-hour experiment was present. in the ehiylo-
micron fraction and 407 in the infranatant fraction.  The rel-
ative gpecifie activity of phospholipids in the chylomicron frac-
tion was mare than {wice that in the infranatant fraetion in all
colleetions. 1t should be noted that thoracie duet lvmph sam-
ples, as colleeted in thiv study, ineluded lymph not only from the
intestines but also from other abdominal viscera and from the
hindguarters of the animal. "Th> chylomieron fraction presum-
ably eame only from intestines, whereas the infranatant fraction
ame from other tissues as well ws intestines. The difference in
relative specific aetivity belween the two fractons muy be due,
at least in part, to dilution of L:beled phosphiolipid fron the in-
tostines by unlabcled phospholipids frazn the other tissues,
1-Palwiiteql-341, 2-lrolcoy!- V' leettiin-3P--"The mode of in-
corporatinn of dietury phosphe’pids into Iymph chylomicrons
was studied in rats fed Jecithin P congining pahnitie acid-"11
in position 1 and linolei= acid-"C in position 2 (Table 1IT). The
chylomicrons contained about 559 of the #11 recovered in chyle.
One-fifth of the B in chylorieions was present in leeithin and
the rest was inneutral lipids.  The ratio of 41:#P in chylomicron

Origin of Lecithin in Rat Lymph Chylomicrons

25v ¢

1)|

Yol. 242, No. 2

lecithin was the same as that in the oil.  This indicates that the
dietary phospbolipid incorporated into chylomicron lecithin ..
tained intact its 1-acyl ester and glyeeryl-phosphate bonds.

The chylomicrons also contained about 887 of the “Ct
coveretd in chyle (Table 11I). However, only 55 of the '
chylomicrons was found in lecithin; the rest was in neutral Ii]
The relative ratios of C:3P and of “C:*11 in chylomieron
ithin were 0.19 and 0.18, respectively; this suagests that one
of the dictary phospholipid incorporated into chylomicron
ithin was absorbed as lecithin and four-fifths absorbed a~
lecithin.  However, the very small amount of MC found i
lecithin fraction, 5% of that in chylomicrons, could have be:
rezult. of reacylation of Ivselecithin with linolcic acid-"(.
that ease, all of the phospholipid would have been abseorhe
lysolecithin.

The relative composition of chyvlomicron leeithin eoll
during three different {ime intervals is shown in Table 1V,
first 2-hour colleetion contained 674, the second, 507, and
third, 35¢¢ of the chylomicron leeithin colleeted during the ex: | iy
ment.  The ratios of #DP:P, sI:#P, “C:2P,) and MC:8T i ke
lecithin were constant, an indication of uniform incorporaticn o
dietary constituents throughout the experiment.

Lecithin Laleled with Choline*ll end ®F (Diacylalucerylphios
ploryl 2P -Choline-*11)---The fate of cholinn in lecithin was stud
ied in rats fed corn oil containing the phospholipid labeled voith,
elioline-(ethyl)-SH and #P (Table V). About 19¢{ of the I
heled choline fed was recovered in chyle lipids, and more thian
8007 of the latter was present in chylomicrons.  The raiio of
1:3P in ehiylomicron lecithin was the same as that in the il

Tapry I11

Recovery ¢f 8 and MC in lipids and ralivs of 330, 1

containing 1-pelnitoyl-9,10-3H

B and VO3 i leciihin of thoracic ducl lymph of rats tibe-fed corn il

2-lnoleayl-1-¥C-lecithin-22 s

Reletive ratio of 31:9P Relative ratio of ;3P Relative ratio of HC: 1t

21 recoverald MC recovered
Rat No. Chylonticron (Zhylmnhron
(‘hi*lc éo(uf —_— e ('hf’lc total |- - o~ —
ipids B ! ipids
| sl Lecithin ,’l ol Iecithio
‘ Co diise it duse
2 bo34.2 20,2 6.3 36.8 31.0 1.5
21 o 70.6 6.9 16.% 0.0 62.0 { 3.6
] ;
25 o 49.2 42,0 . 8.5 G.3 41.7 | 1.7
: i

Chyle l-)lai

ipids

Chylomiciug

Chyle total
ecithin

Jlipids

Chylke total

Chylomicron
Tipids i

Chylomicron
fecitbin f i

coithin

MC3E) JC3 ) T od!

(’I/ “P;/Ul [P ) inoil

(MC:02P) J(MC ) in oil

3.02 0.97 3.14 0.174 1.04 0.179
2.64 0.95 2.46 0.200 .93 0.213
3.62 0.97 3.55 0.176 0.08 0.151

s Lymph was (-ullvctmi for b hes ars.

Tasre IV

Constaney of ratios of ¥ : P, *H :
1 pulmzluul 9 IU M,

P uC2P and WO in lecithin of thoracic duct lymph of rats tube-fed corn oil containing
2-linoleoyl-1-14C-lecithin-32?

Time
Amount ~
krs rg Oy ehylomicron lipid
0-2 0.0+ 1.0 6.1 & 0.3
24 i 6.5 4 2.1 ! 4.2 4 0.4
4-6 } 3.8 1.0 i 4.1 3: 0.0

* Rats ‘.’1 23, .nul 20 were used Hu e stu«lw
fur other nb. ervations made in these anmmals,

T }.(‘ Vi 1lxu s given are means 4

Chylomicron lecithin

Relative ratios

2p.p L a1 s:p ’ 1 2P r (LY 13 |
—— } — - e o
t“l’ P)/(HIP 1 9] ]‘ (341 "1’)/[‘[1] »p) | (MC:3 P)/(“C 2p) ! MC: 38} /(“(‘ LR

ot LY tH m 01 Ul UH

|

0311003;115;%0121011:001 #+ 0.0
0.45 % 0.10 UQ{:LOO?‘O] :L()Ul'(llb-tl)m
0.3y £ 0.07 {08810()0‘010:&001 0.18 =+ 0.0

standard error. See Tables I, 11, TIT, and Fig 1
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TanpLE V
Recovery of I and relative ratio of *H : 2P in lipids of thoracic
duct lymph of rats tube-fed corn oil containing lecithin
labeled with Lho(lnc (m((h /l) 1774 (md 3“I‘“

] Relative ratio of 311:2p

3 recovered ’
e i R
at N . Clylomicron
Rat No. Chyle [Infranumnt Chylo- Chyle ’ ¢
total !()!Ev‘l n:::{!.<)ln total Ty T
lipids [ fipivs lipics ‘ lipids ‘ Ij”(:]z(ﬂ Ledthin
] T
T N o ‘ ) B (ll[‘-;.';r)r ! o
o dose O3 i oil
2 19.8 3.5 5o | 1011 1.01 | 0.49
30 18,9 3.3 15 4 ’ 0.96 1.01 1 0.96
31 185 3.5 153.9 ' 1.03 1.01 } 1.02

a I((llhm labeled with chulmv-(nu Ih\'l) ‘I 'lml = l’ was isa-
lated from soybean and dilured 1:5 with nonlabeled leeithin iso
lated from rat liver.  Lymph was eollected for 6 hours,

Tavue V1
Amount of #P veeovered dn Hpid of thoracie duct Lymph of vats
tube-fed corn ol containing I-neyl Lusoleeithin-3 1

I v mph was cull' ol (‘d for ¢ hours,

! Chyle Chylomicron
1
Rat N wlug?';‘nil- ! ‘Am”ui“ ! e B
atNo. | § of o |
content ! I e .
i feid Total | Lipid- 1 Total | Lipid-
of il ‘ lipid 4‘ ‘ll‘ lipid ) np
S N [ESSU S UURRUUU | DU DS o P
Cor ' iy g € dose wg | dose
10 0.3 204) 100 18 83 25 25
1 08 | 800 | 10% | 9 | M7 | o4 | a1
14 .8 T 200 14 224 f 27 37
15 4.3 ¢ ’ 345 23 l 55 204 i 26 26
These findings indicate that the chedine-phosphate bond ro-
-1 1

maired intect in the dietary phospholipid which was incorpo-
rated into chylomicron lecithin,

Lysolecithin-=1 ~"Phe findiigs presented above showed that
most, if not all, of the chylomicron lecithin derived from dictary
phes; vlm lpid was first hydroly zed to 1-ney] lysolecithin and then
wacvlated, In order to delermine wlether dietary lysolecithin
could be ineorporated into chylomicron lecithin, rats were fed
“oreuil containing trace smounts of l-acyl lysolecithin-®p
eV, The total lipid content of the ehvle in these studics
oo qual to 80 (o 6377 of that of the oil fed.  More than one-

of the lipid ** fed was recovered in ehyle lipids. In-
e ation of ¥P juto chyle when hveolecithin-*P was fod was
i twice that when trace amounts of lecithin-®P were fed

I I, Rats 16 through 19).  All of the P in chylomicron

was found in leeithing none was present as Ivsolecithin.

DISCUSSION

I or studies showed that phospholipids isolated from liver
i abrorbed from the intestines and jneorporated into lymph
i erons. (1-3). However, the phospholipids in the meal
4 the chylomicrons were not identified. In the present
NI+ aents, purified leeithin, of either animal or plant origin,
W ed und its incorporation into chivlonierons was followerd by
nlineous messarement of two or more radi icisotopes situaled
i ferony parts of the molecule. Conservation of the ratio of
“holin, - HE®P o the dictary phospholipid recovered in chiylo-

Stein, and Q. Stein
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microns makes it unlikely that the phosphalipid was hydrolyzed
to monoaey! phosphatidic acid during the process of being ab-
sorbed and incorporated into chylomicron Jeeithin,  The finding
that the ratio of palmitoyISH:#P in lecithin of Iytaph chylo-
mirrens w a.\ the same as that in the lecithin fed could be inter-
preted as evidence that lecithin was absorbed intact However,
the marked fall in the ratios of linoleoy-4C P and uf linoleovl-
HCipalmitoy ]I inlecithin recovered from eliviomicrons of rats
fed 1~pul1nilnl\‘lv’l'{, 2-linoleoy -8 deeithin- 2 indicates (hat
some of the dietary leeithin was hydrolyzed to lysolecithin,  The
finding that the lecithin fraction contained 5¢; of the linoleie acid-
HC i ehylemicrons might suggest that only a small part of the
lecithin was absorbed intact. On the other hand, the small
amount of linoleie acid-C in the lecithin fraction wlanv(: to that
in the total lipid could be the resuli of reacylation of Iyvsaleeithin
with linoleic acid.  This possibility is supported by the studies of
Whyte, Karmen, and Goodman (6) on_ the imeorporation of frec
fatty acids into chylomicrens. They found that the lecithin
fraction, also, contained 57 of the labeled linoleic acid re-
covered in chylomicrons when the labeled fatty acid was fed in a
mixture of fatty acids (127, palmitic acid with 77 ¢ oleic and
109 Hinoleie, or with 127 oleie and 767, linoleic acids), The
Proportion of unsaturated to saturaied fatty acids in this misture
was similar fo that in corn ol When labeled palmitic acid was
fod as g free fatty acid, only 36, of the label recovered in chylo-
microns was found in the leeithin raction (6), whereas in the
presend, (-\'pwimonls‘ in which the label was fed as 1-pahnitovl
N-lecithing 254, was found in Jecithin,  This iz additional evi-
dence that the fed lecithin was hydrolyzed to 1-aeyT lysolecithin
before being incorporated into ehivlomicrons.

The anatomical site of hydrolysis of dietary lecithin was not
defermined.  However, the findings that the infestines cap
hydrolyze Jecithin to Iysolecithin (7) and that fed lvsolecithin is
rapidly absorbed and incorporated into chylomicron lecithin
(Table VI) suggest that hydrolysis oceurs prior fo absorption.
Incubation studies have shown that slices of small intestines, of
rat and hamster, also ahsorb and metabolize lysolecithin to lee-
ithin (20).  Rapid acylation of lysolecithin by small intestines
has been demonstrated in rats injeeted intravenously with 1-
palmitoy]-#C-Iysolecithin (3.

The proportion of chylomicron lecithin whirh was derived
from the test meal inereased with the amount of lecithin fod.
The maximum, however, was only 1007, even when the concen-
tration of I(‘(zlhm in the oil meal was 2 1o 3 times that in the
chylomicrons.  This would mean, then, that at least 60, of the
lecithin in chylomicrons came from endogenous sources.  These
sources could be lecithin in the bile (7, 21), Ivsolecithin and lec-
ithin in the blood (8, 22), or lecithin synthesis de novo in the
intestines (23).  The relative importance of each has not been
studied.

The resulis of the experiments presented above indicate that a
mujor part of the lecithin moleeule is conserved during the ab-
sorption of the phospholipid from intestines. Hydrolvsis of
lecithin to lvsolecithin may be necess ary for its transfer through
the plasma membrane of the intestinal cell.  TTis procesg is in-
volved in the transfer of lecithin from blood to cells of other tssue
(S). Conservation of the
ponent of lecithin, of both ¢ ndogenous and dietary origin, may be
dependent on this ubiquitous eellular PLrOCess,

-tevl glveeryiphosphory] chioline com
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Relationship between the Biliary Exerction of Bile Acids
and the Exeretion of Water, Lecithin, and Cholesterol in Man
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Abstract. 'The relationship between the biliary excretion of
bile acids and the excretion of water, lecithin, and cholesterol
was studied within a wide range of bile acid excretion rates in
5 patients operated on for nonobstructive gallstone disease.
The bile acid excretion rate was varied by interruption of the
enterohepatic circulation (EHC) and by duodenal refeeding of
bile acids during interrupted EHC. A linear relationship
between the bile acid excretion rate and the water excretion
rate was found. In 2 of the patients the cholesterol excretion
rate seemed to be independent of the bile acid excretion rate
and in two of the remaiiing cases a linear relationship between

The formation of bile is a complicated process and
our knowledge of the mechanisms involved is still
incomplete. However, during recent vears considerable
information has become available. Tt Las been con-
vincingly shown that bile production originates from
the hepatocytic or canalicular excretion of organic
dnions, the subsequent osmotie diffusion of water and
electrolytes and the hydraulic flow of water. The bile
flow and the bile composition are then modified during
the passage through zhe bile ductules and ducts.

The primary driving force for movement of water
and other solutes into the canalicular lumen scems to
be the hepatoeytie exeretion of bile acids [1-3].

The biliary excretion of lecithin, the dominant
phospholipid in bile, and probably the excretion of
cholesterol is dependent on the hepatocytic bite acid
exerction [4-8]. However, the mechanism for this
regulatory cffect of bile acids is unclear. Swell et al.
[6] have suggested that it is related to the formation
of a specific macromolecutar complex in the liver eell
consisting of bile aciis, cholesterol, lecithin and water
and its subsequent exceretion into the hile canaliculi.
Some data in the literature contradict this hy pothesis,
Thus, it hax been reported that the Lipids in hepatic
bile not neeessarily appear in a micellar phase {9, 10},
Recently, we reported evidence that the bile acids in
the enterohepatic cireulation, (KHCU') exert a regula-
tory influcnce on the synthesis of leeithin in the biliary
excretion pool in the liver [8]. However, the question
of whether the bile weids in the BHC direetly affeet
the synthesis rate of biliary lecithin or whether the
synthesis rate is dependent primarily on the excretion
rate of biliary lecithin could not be answered.

The purpose of the present work was to study the
relationship between the biliary exeretion of bile acids

the excretion rates of these lipids was broken at bile acid .
cretion rates below & pmoles/min. The biliary excretion v o
of lecithin was related to the bile acid excretion iate i
nonlmear way. This relationship sugyests that the determing -
role of bile acids in the EHC for the biliary excretion
leeithin cannot be related primarily to the excretory mechani 1,
in the hepatocytes. However, the findings are compatible vic,
the hypothesis that the bile acids in the BHC affect primuar.y
the synthesis of lecithin in the biliary excretion pool.

Key-words: Human bile, biliary exerction, bile flow, bile
acids, bile lecithin, bile cholesterol.

and the excretion of water, lecithin and cholesterol
further in order to obtain more insight into the regula.
tory effect of bile acids for the excretion of biliary
lipids.

Subjects and Methods

Clinical Malerial. The study group comprised 5
paticnt, 1 wonrin aged 37, and 4 men, mean age 58.5,
The patients were admitted to hospital for operation
because of nonobstructive gallstone discase. They all
had normal liver funetion according to the following
definition: serum bilirubin, <<1.0mg per 100 ml: thynol
turbidity, < 0.10; alkaline phosphatase, <10 units
(Buch); glutamic oxaloacetic transaminase, <30 units;
and scrum cholesterol, <2300 myg per 100 ml. During
the immediate preoperative period {1 month) none of
them had taken any medicine known to affeet the
liver or had had acute cholecystitis or any other
discase of known importance. The patients, who
voluntecred as subjeets in the investigation, were all’
thoroughly informed about the details in the experi-
ment and about the aim of the study.

Frperimental, At the time of operation the common
hile duet was canulated asx desceribed previoasly [71.

The experiment was performed 7 days after the
operation. Until this time the EHC was kept intaet.
This time for the experiment was chosen sinee the
liver function is known to be restituted after the
operation in about one week [11:13} The patient was
kept fasting during the 12 h period immediately before
the study and while it was in progress. Early in the
morning a duodenal catheter was inserted and the
duodenal localization of the catheter tip was checked
by N-ray investigation. At 8 a.m. the EJC was inter-
ruptéd and then the hepatic bile was quantitatively
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collected. Bile production was mensured houtly and
the bile composition was anal ccd. The bile acid ex-
cretion rate during the first hour was designated as
tho excrction rate during intact ILHC. The patients,
Joss of waler during the experiment was compensated
for by infusion of Ringer’s solutinn through the du-

- odenal catheter. In some cxperinicnts {cases no. 1, 3

and b) bile acids were refed at o rate of 16 pmoles/min.
through the duodenal catheter in a concentration
corresponding to the normal hepatic bile. Glyeochnlie
acid (67%) and taurocholic acid  (33%)  {Sigma,
grade 1I), the purity of which wa- analysed by thin-
layer chromatography accordmg (o Ganshint ¢t ol
[14], were given in Ringer's solution. The bile acid
refeeding was started 5 hoars a fier the interruption of
the BIIC and continued for & hours. The patients
reported that they felt well and experienced no fatigue
during the study.

Analytical. Bile acids were extracted, analysed
and determined as described in dotail in a previous
paper [7]. _

Lipids were extracted from bile, separatedd and
quantitated as deseribed previously [15]. The phos-
phorus deiermination was performed  following a
procedure recently described by Svenmerholm [16].
Cholesterol was measured by the wethod of Sperry and
Welb [17].

Results

The relationship between the bile acid excretion
rate and the excretion rate of water (bile Tlow),
lecithin, and cholesterol can be scen in Figs. 1,2 and 3.

In the two patients {cases nos. 3 and 5) illustrated
in Fig. 1 bile acids were refed through the duodenal
catheter 5 h affer interraption of the EHC. This means
that the cxeretion rafe of hileacids wasabout 25 pmoles/
min. at the start of the experiment and then sueces-
sively decreascd until a minium value was reached
after 4-5 b. Following dvodenal refeeding of hile acids
the biliary exerction rate of bile zeids again increased.

A significant and lincar relationship existed
between the bile acid excrction rate and the rate
of water excrction. A positive intereept on the ordinate
can be scen when the regression lines are extrapolated
to zero excretion rate of bile. The excretion rate of
lecithin was alwo related to the bile acid excretion rate
but this relationship was not lincar. When these curves
are extrapolated to zero bile acid excretion rate they
intorseot the ordinate at —0.72 and at +4-0.59, i.e.
near origo.

In one of the patients (case mo. 5) illustrated in
Fig. 1 a significant and linear relationship existed
between the rate of bile acid cxeretion and the ex-
cretion rate of cholesterol. In the other paticnt (case
no. 3) no such relationship was scen.

In the paticnt {casc no. 4) illustrated in ¥ig. 2 bile
acids were not refed. Following interraption of the
EHC the bilinty excretion rate of bile acids decreased
frem about 26 pmoles/min. to a miniumn level reached
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Fig. 1. The relationship between the biliary excretion rate of
bile acids and the excretion rate of water (bile flow), lecithin
and cholesterol in two patients (cases nos. 3 and 5). The bile
acid cxcretion rato was varied by interruption of EHC and
duodenal refeeding of bile acids during interrupted EHC, The
relationships between the bile acid excrotion rate and the
excretion rates of water and cholesterol were ealculated from
the regression equation: Y == &k - b r, where k represents the
Y-intersept and b the regression coefficient. r == correlation
coctficient. The relationship between bile acid excretion rate
and the lecithin excretion rate was caleulated from the
enqation ¥ == a -+ b x 4 ¢ 2% Tho coeificients a, b, ¢ were
caleulated by the leasi square fit method

after 5 hours whereupon the excrction rate was
roughly constant throughout the remainder of the
experiment.

A significant and linear relationship existed bet-
ween the bile acid excretion rate and the excretion rate
of water cholesterol until the output of bile acids was
below 5 wmoles/min. At this level the rate of excretion
of water and cholesterol was independent of the excre-
tion rate of bile acids. The same was found in the other
patient (case no. 2) not refed with bile acids.

The biliary exerction rate of lecithin was related to
the bile acid excretion rate in the same way as described
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Fig. 2. The relationship between the biliary excretion rate of g H

bile' acids and the excretion rate of water (bile flow), locithin

and cholesterol it one patient (case no. 4). The bile acid exere-

tion rate was varied by iuterruption of the IHC. The mathe-
matical calculation were performed as indicated in Fig. 1

for the patients in Fig. 1. The Y-.intercept (a) in this
patient was 0.96.

In order to calculate the mean values of the bile-
acid-dependent exerction rates of water, lecithin and
cholesterol for the five patients all observations were
plotied together (Fig. 3). At bile acid excretion rates
below & pmoles/min. the water exeretion rate and the
cholesterol cxcretion rate were independent of the bile
acid excretion rate in 2 out of the 3 patients. Because
of that all values of water and cholesterol exeretion
rate at this Jow excretion rate of bile acids were
excluded.

The mean value of the wuler excretion rate was
0.014 mljpmole bile acid. ‘The mean excretion rate of
bile acids during intact IHC was 151 pmole/min.,
which means that the bile-acid-dependent exeretion
rate of water was 0.21 ml/min. The positive Y-inter-
cept (&) corresponds to 0.20 ml/min.

The relationship between bile acid excretion rate
and lecithin excretion rate was not linear. The positive
Y-iutercept {a) of the statistically calculated curve
(see legend to Fig. 1) corresponds to 0.54 pmole
lecithin/min.

5 10 15 20 25 30 upmoles /min

BILE ACIODS

¥ig. 3. The relationship between the biliary excretion rate of

bile acids and the excretion rate of water (bile flow), lccithin

and cholesterol in all five patients, Water and cholesterol

excretion rates calculated ouly in relation to bile acid excretion

rates higher thau 5 wmoles per min. The mathematical caleula-
tions werc performed as indicated in Fig, 1

The mean value of the bile-acid-dependent excre-
tion rate of leecithin, obtained from the derivative of
the curve, was 0.25 pmole/umole bile acid.

The mean value of the cholesterol excrction rate
was 0,051 wmole per umole bile acid, which corresponds
to 0.738 pmole cholesterol/min. during intact KHC. The
positive Y-intercept (k) corresponds to 149 pmole
cholesterol/min.

Discussion

In the present work the relationship between the
biliary excretion of bile acids and the excretion of
water, lecithin, and cholesterol in man was studied at
different rates of bile acid excrction. The excretion rate
of bile acids was varied by artificial interruption of the
LHC and by duodenal refeeding of bile acids during
interrupted E1LC. This technique offers the possibitity
of studying thesc relations within a wide range of
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Yig. 4. The relative concentrations of bile lipids plotted in the triangular coordinates system according to Admirand and
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<< 6 pmoles/min. (mean value of 22 observations)
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bile acid excretion rates. Tn a previous paper we
showed that duodenal refeeding of bile acids during
interruptod 1BHC bad the same “‘normalizing” cffect
on the bile lipid composition as restitution of the
enterchepatic civeulation {7]. This finding indicates
that the loss of watcr,. electrolytes, lecithin, and
cholesterol during a short-term interruption of the
EHC does not affeet the biliary excretory capacity
of the liver. Henee, our experiraental design seems to
be adequate for this type of investigation.

The present study was performed on patients
operated for nonobstractive pallstone diseasc. Re-
cently, it has been suggested that the liver bile in
patients with gallstone disease is abnormal with an
increased concentration of cholesterol relative to the
concentrations of bile acids and lecithin {18]. In our
patients the lipid composition was normal as defined
by Small and Rapo [18), i.e. the relative lipid compo-
sition of bile during intact EHC fell well inside the
micellar zone when plotted according to Admirand
and Small [10] (Kig. 4). In any case, it scems im-
probable that a changed lipid composition in gallstone
batients as compared with normal patients should be
dependent on a fundamentally different mechanisim
for the biliary excretion of lipids. Hence, the fact that
our patients were operated or for gallstone disease
Probably docs not influence the conclusions in the
Present work.

17

1t has been shown in many species, including man,
that the biliary exerction of water can be divided into
two fractions, one dependent on the bile acid excretion
rate, and one bile-acid-independent fraction [1-3].
In principle our findings tally well with these reports.
Tn our material the two excretion fractions, calculated
from the regression equation according to Preisig ef al.
[2], accounted for about the same amount of water
excrcted per unit of time. Preisig ef «l. [3] found the
bile-acid-dependent fraction of water excretion to be
0.04 ml/jupmole bile acid und the bile-acid-independent
fraction to be 0.15 ml/min. in 7 patients opcrated on for
nonobstructive gallstone disease. Our corresponding
figures were of the same order of magnitude.

In two of our patients (cases nos. 2 and 4) the
lincar relationship between the bile acid excretion rate
and the water excrction rate was broken when the bile
acid excretion was below 5 pmoles/min., that is when
the bile acid pool was almost depleted and only newly
synthesized bile acids were excreted. At this low bile
acid excretion level the water excretion rate was greater
than the expected rate judged from the regression line
(Fig. 2), suggesting that the bile-acid-independent water
excretion rate was enhanced.

The bile-acid-independent water excretion has
been ascribed to the ductular excretion of water [2,
21-21). MHowever, recent studies [20, 25, 26] have
demonstrated that the bile-acid-independent water
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excretion, besides this ductular excretion, might
originate from the hepatocytes. With the methods used
in the present work it is not. possible to state whether
the enhanced water excretion at low bile acid exere-
tion rates in our cases was of ductular or hepatocytic
origin. However, the increased water excretion was
sccompanied by an increased excretion rate of chol-
esterol in these two cases. A ductular excretion of
cholesterol seems improbable considering the fact that
secretin, which stimulated the ductular exeretion {22],
does not enhance the exerction rate of organic com-
pounds [22, 27].

In the total material a significant correlation
between bile acid exerction rates higher than 5 pmoles/
min. and the cholesterol excretion rate was found
(Fig. 3). However, in two of the patients (cuses nos.
and 3) the cholesterol exeretion rate scemed to bein-
depent of the bile acid excretion rate. Although this
independent relationship was not conclusive in one of
these cases (ease vo. 3, Fig. 1), these results together
with the fact that the cholesterol exeretion rate was
independent of the hile acid excretion rate when this
rate was below 5 pmoles/min, suggest that the biliary
excretion of cholesterol can occur independently of
bile acids. These findings scem to argue against the
theory that the biliary excretion of lipids is related to
the formation in the liver cell of a speciflic macro-
molecvlar complex consisting of bile acids, cholesterol,
Jecithin and water [6]. A further argument against
this hypothesis is that the relative composition of bile
lipids in liver bile was outside the miccllar zone
(Tig. 4) when the bilc acid exeretion rates were below
5 wmoles/min, which sneans that the bile lipids can be
exereted in a non-miccllar form.

For the interprefation of the nonlinear relationship
between the bile acid excretion rate and the lecithin
excretion rate it s important to emphbasize that our
experiments were staited at high rates of bile acid
cxcretion, which then were deereased by interruption
of the E1IC and again increased by duodenal refeeding
of hile acids. This means that the reason for the curve
of lecithin excretion rate levelling off with the in-
creasing rate of bile acid exeretion ean not be deficiency
of lecithin in the biliary excretion pool i the liver.
1f the determining role of the bile acids in the EC
for the biliary excretion of lecithin was primarily
related 1o the exerctory mechanizsim this relationship
thus should have been linear. Recently, we presented
evidenee that the synthesis of biliary lecithin is in-
hibited by interruption of the B¢ and that duodenal
refeeding of bile acids initiates a rapid increase in the
synthesis rate 18], This means that the bile acids in the
1HC are a determining factor for the synthesis of

biliary lecithin. The relationship between the bile acid

excretion rate and the lecithin excretion rate found
in the present study it in zood agreement with that
interpretation and it saggests also that the bile acids
circulating in the EHC affeet primarily the synthesis
rate of biliary lecithin,
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Effeet of Feeding of “Soya Lecithin”* on Serum Cholesterol Level of Man.

ALFRED STEINER AND BEATRICE 1JOMANSKI.

(Introduced by David Seegal.}

From the Rescarch Scrviee, First Division, Goldwater Memorial Hospital, Departinent of
Hospitals, and College of Physicians and Surgeons, Columbia University, New York City.

Tn a previous report! it was postulated that
the hypercholesteralemia resulting from the
feeding of egg yolk powder, which is rich in
cholesterol and lecithin, was due partially to
its lecithin content. It was therefore con-
sidered of interest to determine the eficct of
fecding “soya lecithin” on the serum chole-
sterol level of 8 human subjects.

Method. ‘Twenty-five grams of “soya
lecithin”* were fed daily to 7 patients for
6-week periods and to one patient (No. 5)
for a 10-week period. The “soya lecithin®
was fed in S g partions spread between two
crackers. The diagnusis in 6 of the 8 patients
was coronary arteriosclerosis, made on the
basis of clinical symptoms, signs and electro-
cardiographic thanges.  Tive of the 6 indi-
viduals had previously experienced a myo-
cardial infarction. The remaining 2 patients
had -classical rheums oid arthritis, the diag-
nosis. of which was confirmed by roentgeno-
graphic change. No untoward symptoms or
signs occurred during the “soya lecithin” feed-
ing periods. Serum cholesterol determinations
by the method. of Bloor, Pelkan, and Allen”
were made twice weekly during an initial
4-week  control period, the 6-week ‘‘soya
lecithin” feeding period and a subsequent
4-week control period.  Throughout these ob-
servations, the paticnts were fed a standard
hospital diet. This was not rigidly controlled.
Tt contained approximately 90 g of protein,
100 g of fat, and 340 g of carbohydrate, with
a caloric equivalent of 2600 calories. Four of
the patients were fed “soya lecithin” for a

1 Steiner, A, and Dowauski, B. N, Am. J. Med.
Sc., 1941, 201, 820.

* American Leeithin Co., Elmhurst, L.I. Ap-
proximate eemposition, lecithin 20%, ccphalin
20%, oil 30%, phytosterols 2%, inositol and allied
compounds 15%, carhohydrates 10%.

2 Bloor, W. R, Polkan, K. ¥., and Allen, D. M.,
J. Biol. Chem., 19222, 52, 101,

second test period of 6 weeks. Basal meta-
bolic rates were determined during the contro}
period, and in the 4th and 5th week of the
“soyu lecithin” feeding period.

Results.  The results of feeding “soya
lecithin” on the serum cholesterol level are
contained in Table I. There were 12 feeding
periods in 8 patients. It can be seen that the
serum cholesterol level declined during each
period of “soya lecithin” feeding. The extent
of the fall from the average of control period
determinations varied from 44 to 144 mg/100
cc. Fig. 1 demonstrates, in one instance, the
lowering effect of “‘soya lecithin” on the serum
cholesterol Jevel. The serum cholesterol; how-
ever, returned to the control levels, in each
instance, after 4 to 5 weeks, even though the
“soya lecithin” feeding was continued. After
further control observations, 4 . of the
patients were fed “soya lecithin” during a
second period. The results obtained were
similar to those in the initial experiment.
Basal metabolic rates remained approximately
the same during the control period and the
period of maximum depression of the serum
cholesterol level.

Discussion.  I'rom the above it is evident
that the feeding of “soya lecithin” to human
subjects results in a lowering of the serum
cholesterol level. Corwin® has reported that
a hypercholesterolemia was produced in dogs
by the feeding of lecithin derived from the
adrenal gland. However, Kesten and Sil-
bowitz* have stated that the feeding of “soya
lecithin” inhibits the hypercholesterolemia of
rabbits fed a diet rich in cholesterol. The
effect of “soya lecithin” and that of lecithin
obtained from the adrenal gland on serum
cholesterol level are apparently different. It
should be emphasized that “soya lecithin” is

"3 Corwin, W. C., Arch. Path., 1938, 26, 426.
4 Kesten, H. D., and Silbowitz, R., Proc. Soc.
Exp. Bior. ANpD MEb., 1942, 49, 71,
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TABLE 1.
Effect of Soya Leeithin Feeding on Serum Cholesterol Tevel of 8 Patients.
Serum cholesterol expressed as mg/100 ce.

Initial control period Soya lecithin period 2nd control period
(4 wks) (6 wks) (4 wks)
Patient No. Range Avg Lowest value Ext. of decline Range Avg
1 329-378 349 290 50 309-357 340
2 837-061 546 402 144 458-536 496
3 458-505 474 388 86 442-462 456
4a 3:20-386 348 275 73 315-345 328
b 345-380 365 302 63 371-400 384
t5a : 242-252 245 192 53 238-258 245
b 239-256 245 195 50 236-256 242
*6a . 22(G-240 233 190 45 215-245 235
: b 240-252 245 201 44 253-275 262
*7 232-238 235 180 45 220-238 232
8a 416-1424 420 344 84 395-426 410
b 390-420 410 335 0% 416-449 430
Avg 68
* Patients with rhenmatoid arthritis,
a == First experimental period. . o
b = Second » !

t Lecithin feeding period-—10 wecks.

EFFECT OF FEEDING 25 GMS. of SOYA LECITHIN ON THE
SERUM CHOLESTEROL LEVEL -~ PATIENT #5

LN

. ~~—I‘sf LECITHIN 2nd 2nd 3rd
Chorerim | lconTROL|  FEEDING CONTROL LECITHIN | CONTROL
mg/ | PERIOD PERIOD PERIOD FEEDING | PERIOD
looce | PERIOD
300 |
215 |
250 fo o . A - pa
225 |
200 [
175 |
150 |
125 |
100 |
O 4 L L 1 1 1 L
4 8 12 16 20 24 28 32 36 40 44

Time in Weeks
Fia. 1. -
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composed not only of lecithin, but also of
cephalin, oil, phytosterol, inositol, and carbo-
hydrates as well.

The inference that the hypercholesterolemia
resulting from the feeding of egg yolk powder
was partially due to its lecithin content? is
naot supported by these experiments. On the
contrary, *‘soya lecithin” has been found to
lower the serum cholesterol level not only in
people on a normal diet but also in rabbits
on a high cholesterol regime.t

Since this article was prepared Gross and
Kesten® have reported that the feeding of
“soya lecithin” wus effective in reducing the
hypercholesterolemia in all of 3 patients. The

~ diagnosis in 2 of these individuals was xantho-

s 5Gross,‘*]’., and Kesten, B., Arch. Derm. and
Syph., 1943, 47, 159,

matosis. Necrobiosis lipoidica diabeticoryp,
was the stated diagnosis in the third patient,
Adlersberg and Sobotka® have also shown that
the elevated serum cholesterol of § patients
with xanthomatosis was lowered by “soya
lecithin” feeding.

Summary. (1) Twenty-five grams of “soy,
lecithin” were fed to 8 patients for 6-week
periods,  (2) The serum cholesterol level jy
each instance was lowered significantly. The
decline was maintained for only 5§ weelks
despite the maintenance of the “soya lecithip,"
regime. (3) The induced hypocholesterolemi,
was not associated with an increase in the
basal metabolism,

6 Adlersberg, D., aud Sobotka, IL,, 7. A, Siim
Hosp., 1943, 9, 935,
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Exogenous Emulsifiers and Fat Absorption.*
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(19764) -

HerBERT C. TipweLL AND MARY E. NAGLER.

From the Department of Biochemistry, Southwestern Medical School of The University . of Tems
Dallas. .

The rather gereral acceptance in the recent
past of Frazer's(l) partition hypothesis seems
to have strengthened the idea that emulsifying
agents should hasten the rate of the absorption
of fat from the intestine. Such an effect might
be the result of a greuter emulsification which
may either promote the speed of absorption
of the finely divided particulate fat or permit
a more rapid action of the lipolytic enzymes,

The findings of several investigators could
be interpreted as evidence supporting this
effect of emulsifiers.  An increased rate of fat
absorption has been obtained when the in-
gested fat is supplemented with lecithin(2-4),
which has an emulsifying action. Becker
et al.(5) reported Tween 80 to affect fat ab-
sorption differently in young and aged people,
but their resulis scemed to indicate a faster
rate of fat absorption in both groups. Tween
80 has been found by Jones et al.(6) to pro-
mote the absorption of fat and fat soluble
substances by pat ‘ents with steatorrhea. How-
ever, they stated that in the normal subject
“the absorption of dietary fat is so nearly
complete that the addition of such an agent
to the diet would seem to be of negligible
value.” An increased rate of fat absorption
has also been reported to occur when an emul-
sified fat is instilled in the ligated rat intestine.

Earlier studies of Holt et al.(8) g.ave no
evidence that the normal infant found any
difficulty in intestinal emulsification of dietary
fat. The results of Jones et al. were not con-
firmed by Badenaoch, Johnson and their col-
laborators(9) and the latter group reported
Tween 20 to be incffective in reducing the
fecal fat of prematures and of infants with
steatorrhea. Recently, Shoshkes et al.(10)
found absorption ¢f fat to be unaffected by the
presence of 20‘7'7 lecithin or Tween 80,
amounts greatly in excess of that required to

* The funds for this study were prowdcd in part
through the courtesy of The Atlas Powder Co,,
Wilmington, Del.

make excellent emulsions by mechanical
means.

With this somewhat conflicting evidence, it
seemed wise to include some of the synthetic
emulsifiers in our studies of the various fac-
tors influencing the rate of fat absorption.
The effect of a monoglyceridet and of a num-
ber of the fatty acid esters of some sorbitol
or alkylene oxide derivatives? on this rate has
been determined at different levels of fat in-
take and emulsifying supplement. Several of
the latter emulsifying agents were included
in these studies because they have slightly
different physical properties. Also an attempt
has been made to learn whether these sub-
stances influenced either gastrointestinal mo-

- ility or fat splitting, since such actions might

afiect the rate of fat absorption,

Fxperimental. The groups of animals used
were all male or female albino rats with
weights ranging from 150 to 500 g. As
checks upon each other, two methods, ‘the
chylomicrograph and a modified Cori technic,
were used to determine the rate of fat absorp-
tion,

A number of investigators(4,5,11,12) have
shown the former method can be used to de-
termine the relative amount of fat in the blood
and that the area under the curve obtained
gives a similar measure of the rate of the
various processes involved. After a 24-hour
fast, the rats were given 0.05 ml of olive oil
per square decimeter of body surface with or
without the supplement of 6 or 20% of the
omul%mer The small amount of fat permit-

t Genuously supplied by Distillation Products, Inc,,
Rochester, N. Y.

{ Atlas Powder Company trade marks and chemxcal
descriptions;

Tween 80—polyoxyethylene (20) sorbitan mono-
oleate

Myrj 435-—polyoxyethylene (8) stearate

Span 60--sorbitan monostearate

Tween 60—polyoxyethylene (20) sorbitan mono-
stearate
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TABLE I. Effect of Supplements of Various Emulsifiers on Blood Fat Levels after Fat
Ingestion (Chylomicrographs),

Chylomicron count—-——,

—
No. Fast- ,————-Hr———ry Area under A
rats Fut supplement ing 1 1% 2 3 curve value

8 Saline 13 36 41 42 44 83 = 6
10 Tween 80 6% 15 41 47 46 45 91 +3 1.285
8 ” 20% 8 47 44 51 53 98 + 6 1.696

Saline 6 69 43 44 40 92 4+ 5
Myrj4h 6% 4 58 51 49 36 95 + 4 .392
10 Span 6u 6% 4 63 48 51 49 102 + 8 1.184
Tween G0 6% 5 64 46 45 55 100 + 5 1.223
Monooleate 6% 4 66 55 41 44 97 + 8 .538

35 Saline 8 48 52 G2 44 49+ 4 -

Including the stand. error of the mean and Fisher's ““t77 valuoe for areas under the curve.

ted a more accurate counting of the chylo-
microns and the use of a more physiological
intake of fat. The supplement: given ap-
proximated the levels used by Jones, Becker,
and Stare in their studies. The method fol-
lowed was that previously used in this lab-
oratory(4). An eycpicce micrometer disc
(5 mm square divided into 100 squares) re-
placed the Whipple disc, and from the 4 or
more fields of 100 squeres counted, the
average number of chylomicrons in 10 squares
were the counts recorded.

The second method of this study made use
of the Cori technic as modified by Deuel
et ol.(13). The determination of the rate of
fat absorption by a recovery of unabsorbed
fat after an intervul for absorption has been
found satisfactory by a number of investi-
gators{7,14). 'The ages or sex of the animals
did not influence this absorption rate. The
rats were fasted 4% hours and given by tube
0.15 or 0.30 ml of Sudan IV stained olive oil
per square decimeter of body surface.  After
a 2- or 3-hour perivd for absorption the rats
were sacrificed and the distance the stained fat
had passed along the intestine as well as the
total intestinal length measured. Finally, the
fat was recovered, weighed and the free fatty
acids titrated. This procedure permitted not
only an estimation of the per cent of fat ab-
sorbed and the rate of this process, but also a
relative measure of gastrointestinal motility
and fat splitting as affected by the various
supplements given.

Results and discussion. The chylomicro-
graphs, abtained in 2 experiments when the
fat was given alone or with either 6 or 20%

of the exogenous emulsifiers, are shown in
Table 1. Althongh the area under the curve
for the first group receiving only the fat ap-
pears to be much smaller than that of those
receiving the 20 or 695 of Tween 80, the dif-
ferences are not siatistically significant. Wide
individual differences in this particular control
group (fat alone), and a mean control value
of 99 on 35 rats involved in all studies about
this time, would indicate that the differences
should not be significant. A later experiment
confirmed this conclusion. That similar re-
sults were obtained when supplements of 6%
Myrj 45, Span 60, Tween 60 and glyceryl
nionooleate were given with the fat may be
scen in Table 1. The similar peaks and
areas under the curves indicated comparable
fat absorption in all groups. Hence, the use
of this method gave no evidence of any change
in the rate of the absorption of the fat when
it was supplemented with any of the emulsi-
fiers.

The resnlts obtained by the modified Cori
technic are included in Table II. In the first
experiment, there was no significant change
in the per cent of fat absorbed or in the rate
of its absorption over a 2-hour period when
0.15 ml of fat per square decimeter of body
surface was supplemented with 20% Tween
80 or glyceryl monooleate. Similar results
were obtained when twice as much fat was
supplemented with 695 of the previously men-
tioned exogenous emulsifiers and the absorp-
tive period extended to 3 hours. The latter
changes permitted a comparison of our values
with those of Deuel and co-workers when they
fed cottonseed oil.  Good agreement was ob-
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TABLE II. Absorption and Splitting of Fats, and Intestinal Motility as Affected by Various
Supplements of Emulsifiers (by Recovery),

———Fat absorbed ——— % of free % of length
No. B fatty acids of intestine
rats Fat supplement %) mg/dm?/hr  value recovered traversed
16* Saline 33.9 216 - 1.7 - 17.5 80
8* Tween 80 20¢, 32 22,0 + 1.6 1.067 — 90
8* Monooleate 20¢5 36.8 25.6 = 2.5 2.d68 16.5 81
8 Saline 44.3 40,3 4-29 L 17 83
8 Myri45 ) 478 4393 3 860 15.9 94
9 Span 60 6% 488 446 +1 1.263 12 85
7 Tween 60 j 423 39 + 3.6 284 12,5 02

*2hr :nbsr-\r;v)tive period after ingestion of .15 ml of fat per dm? of body surface; all others,

3 br and .30 m! of fat.

served. Again, there was no evidence of an
effect upon the rate of fat absorption when it
was determined by the recovery method in-
stead of from changes in the blood fat levels.

The amounts of free fatty acids in the re-
covered fat and the relative length of the
intestine traversed appear to be unaffected by
the presence of these amounts of the emulsi-
ficrs.  These resuits are in agreement with
previous, and as yet unpublished, data from
similar tests. Thus, the cvidence suggests no
change in the fat splitting or intestinal mo-
tility in the animals given the fat and supple-
ment, as compared with a control group re-
ceiving the fat alona.

It appears important that it be established
whether the physical effect of an increased
emulsification of the fat in the intestine of the
normal animal plays a role in promoting fat

Labsorption. Our results from the use of 2

methods are in complete agreement with those
from Stare’s laboratoryv --that the absorption
of orally fed fat is unafiected by the presence
of emulsifivrs, even when greatly in excess over
that needed to miike excellent emulsions by
mechanical means. Factors, such as splitting
and fat passage along the intestine, that might
affect such absorption also appear unchanged.
Tt seems logical to suppose that under normal
conditions, a sufficicnt emulsification of the fat
would naturally occur in the normal intestine
to permit the maximum absorption of the fat,
If this be true, then use of exogenous emulsi-
fiers as fat supplemants should not affect the
rate of fat absorption in the normal subject.
Such reasoning is in accord with our findings.

If it be established that emulsifier supple-
ments do not promote fat absorption, then the

effect of lecithin must be otherwise explained.
The fact that both lecithin and choline(4)
appear to increase the rate of fat absorption
would suggest that one or both are involved in
some chemical mechanism required for fat ab-
sorption. Thus it appears that the presence
of substances that may promote changes in
the physical state of the fat do not increase
the rate of the absorptive process in the nor-
mal animal, while those that may enter into
the chemical actions involved do promote fat
absorption, .
Summary. As determined by changes in the
blood fat levels and by recovery of fat from
the intestine after an absorptive period, the
rate of fat absorption in normal, orally fed
rats appears to be unaffected by 6 or 209% sup-
plements of a number of exogenous emulsifiers.
The lack of changes in the degree of fat split-
ting and intestinal motility which could affect
fat absorption are in complete agreement with
the above finding. The action of lecithin in
promoting fat absorption seems best ex-
plained by other than its emulsifying action.

The technical assistance of M‘rs. Anne M. Miller,
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Current Status of Investigations into the Etiology of Gallstones

Remarkable advances in biochemical discoveries
and technics over the last decade make it rational
" to predict that the solution of the problem of gall-
stones in man, literally as well as figuratively, can
be accomplished in the next few years. Surgeons
have both a unique scientific opportunity and a
moral obligation to work toward the realization of
this goal. As an example, Maki has recenlly ad-
vanced a biochemical explanation of the formation
of ecalcium bilirubinate stones, the most common
type found in the rural Japanese population. He
has shown that B-glucuronidase from bacteria
frees bilirubin from its glucuronide and allows it
to combine with caleium to form a precipitate in
bile. Clinically, he has obscrved that virtually all
patients with this type of gallstone have bile in-
fected with the B-glucuronidase producing bac-
teria.

There is now no doubt that the events which
lead to formation of biliary tract stones are bio-
chemical alterations in bile which lcad to the in-
solubility of one or more of the normal biliary
constituents such as cholesterol, ealcium, or bile
pigments. In this country and others of western
culture, over 90 per cent of all gallstones are com-
posed of cholesterol, either “pure” or combined
*ith bile pigments. The most fruitful studies of
cholesterol stone formation have been those di-
rected toward discovering the factors which nor-
mally maintain this lipid in an aqueous bile solu-
tion. Isaksson, in 1954, demonstrated that bile

From the Department of Surgery, University of California Schoal of
Medicine, Los Angeles, California. This work was supported by a
‘g’rant from the John H. Hartford Foundation, inc, New York, New
ark.
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galts alone could not solubilize all the cholesterol
in a given bile sample. He concluded that biliary
phospholipids (chiefly phospatidyl choline or
“Jecithin”) were necessary to aid the bile salts in
cholesterol solubility. Subsequent studies of model
bile solutions have shown that the solubility of
cholesterol is approximately eight times greater,
mole per mole, in lecithin solutions than in solu-
tions of bile salts.

The clinical importance of high biliary lecithin
concentrations has been emphasized by our finding
that patients with cholelithiasis have only one
third the level of gallbladder bile lecithin that is
found in human subjects with normal biliary sys-
tems. Since the cholesterol concentrations in these
two groups are similar, normal human subjects

have a biliary phospholipid : cholesterol (P/C) ra-

tio which is thiee times greater than that found
in patients with cholesterol gallstones. The reason
for this discrepancy is not yet known. Further in
vivo evidence of lecithin’s role in solubilizing cho-
lesterol is the observation that cholesterol gall-
stones in man dissolve at an average rate of 17
mg per day in the dog’s gallbladder, where the bile
has a P/C ratio twelve times greater than that
in the normal human subject.

Theoretically, it may seem an oversimplification .

to attempt to explain the formation of gallstones
on changes in only one of the many biliary con-
stituents. However, this hypothesis has led to
practically productive research. Lecithin addition
to diets low in fat and cholesterol has resulted in
the elevation of P/C ratio of hepatic bile obtained
from our patients with T tubes in place. This
phospholipid-rich bile has shown the ability to
hold more cholesterol in solution than bile from
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the same patient before lecithin feeding. Feeding
studies in animals, using labeled lecithin, have
demonstrated that a substantial portion of the
phospholipid is transported intact via thoracic
duct lymph chylomicra to the systemic circulation.
Other laboratory studies indicate that labeled
lecithin appears a few hours later in the common
duct bile. The oral administration of lecithin to
human subjects has been without complications
and generally well tolerated. Future efforts should
be directed to making the diet as rich in lecithin as
possible while not palling to the appetite. Further
metabolic studies mav show Lhat feeding precurs-
ors of biliary lecithin synthesis, rather than crude
lecithin, will be more eflective in clevating the P/C
ratio.

The importance of discovering a nontoxic, easily
tolerated method of increasing the cholesterol-dis-
solving capacity of human bile, such as that of
feeding lecithin, is evident, It may be some time
before elective surgical removal of gallstones,
with ils low morbidity and mortality, is replaced
by chemical or dictary therany. However, there is
an immediate need for a meaningful alternative Lo
surgical treatment for a lurve number of patients
with gallstones. These are the unfortunate per-

¥

N

gons who are considered not to be suitable candi-
dates for operation because of coexistent heart
disease, obesity, personal preference, or othe:
medical reasons. Although it is difficult to esti-
mate the number of persons in this group, it must
be sizable.

It is also possible that such dietary modificatior:
would have preventive value in those persons i
whom the development of cholelithiasis is mor
likely. Patients undergoing vagotomy and gastri:
drainage procedures, diabetic males, and women
with multiple pregnancies as well as those takin:
oral contraceptives have been indicated 1o be &%
risk in this regard. ’

Nobel-laureate Dr Frances Peyton Rous onca
characterized gallstone research as ‘“‘top-heavy
with hypotheses and dismal with uncorrelated ob-
servations.” Surgeons trained in the basic sciences
of physiology and physiologic chemistry, by virtue
of their direct access to the human biliary tract
and ils sceretions, are now in a unique position to
correlate these observations with well planned and
exceuted clinical experiments, To these investiga-
tors, the challenge of reducing the necessity for
surgical removal of gallstones should be irresist-
ible.

The Amerlcan Journal of Surgery
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INDUCED ALTERATIONS IN HUMAN SERUM LIPIDS BY
PROLONGED PHOSPHOLIPID INGESTION, Ronald K.
Tompking, Richerd F, Corlin*, Iillie Grossman
Parkin*, end William King, IT1*, UCLA Schools of
Medicine and Public Health, Los Angeles, Calif,

The effects of chronic edministration of phos-
pholipids to humens with gallstons disease have
been the subject of study in this laboratory for
over one year, In eddition to mounltoring hepatic,
renal, cardiovasculsr function tests and biliary
chenlstries, serial determinations of fagting
serum cholesterol (C), phospholipids (PL), trigly-
cerides (1G) and lipoprotein electrophoreses were
carried out, Following a control period of two
months on e baslc lov fatdiet, U8 prens a day of
conmercisl goybean lecithin was added to this diet
io six patientis.

Berun C decrcased from a control mean value of
240.3 m% + 49.9 (8.D.) to 189.8 + 20.8 ng% after
8 mos, on Jecithin, Serunm TG decreased from
148.8 + 39,4 mg% to 114,0 4 38,7 mg% and serun PL
increased from 210.3 g + 48.8 to 227.3 + 43,7
mgd during the seme perind. Three mde patients
began the study with abnormal lipeproteln eleotro-
phoreses (2 Type IV and one Type I1) and these
patlerns were unaffected by the low fat diet
period, U mos. after lecithin was beiun, however,
all lipoprotein electrophoreses becarie normal end
rencined so for the duration of the study period.
No hepatic, renal or cardiovmscular changes
oceurred during the study.

The datn demonstratle that long-term ingestion
of large amounts of soybean lecithin is well-
tolerated. This diet hus been associated with
Jowerling of serum C end IG levels and & return of
lipoprotein electrophoreses to normal in the
patients studied.
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Biliary Excretion of Lecithin
and Cholesterol in the Dog

Henny O. Worerer and KaturriNe K. Kinc

/;t/ ';ac’:f 5“//5) /55 7' /5570

From the Department of Medicine, University of California, San Diego,

School of Medicine, La Jolla, California 92037

ABstrAacCT The biliary excretion rates of bile acid,
lecithin, and chiolesteral were measured in unanesthetized
dogs after interruption of enterohepatic circulation aud
during infusions of sodium taurocholate, sodium glyco-
cholate, sodium dehydrocholate, SC2044 (a bicycelic or-
ganic acid with high choleretic potency), and seeretin,
Both lecithin output and cholesterol output were directly
refated 10 bile acid exeretion rote. The curves describing
these relationships were concave downward. Molar cou-
centration ratios of lecithin-o-bile acid declined gradually
from approximately 0.4 to 0.2 as bile acid output in-
creased from approximately 1 to 70 gninles/min. Cho-
lesterol-to-lecithin molar ratios were highest (0.05-0.15)
at very low riates of bile acid excretion, but descended
mpidly to a pliean (0.03-004) which was constant
over the entire range of bile acid excrction rates from
10to 70 moles/min.

Similar lipid exeretion patterns were observed during
ghyeochalate infusion, but sceretin-induced choleresis and
delivdrocholate-induced  choleresis were unaccompanied
by sny inerements in lecithin or cholesterol exeretion
and SC2644 (which caused a marked increase in cana-
liculur bile production as mcasured by crythritol clear-
ance) cansed a depression of Fpid excretion,

The data are consistent with the view that lecithin
Roves passively from cell membranes to intracanalicular
Wicelles, that transport of cholesterol is coupled to leci-
Fhi vansport, and that there is also a small amount of
- endent passive transport of cholesterol from men-
bro- to micelles. A model developed on these assump-
tot has been shown to Lehave in a fashion consistent
W the entire range of these observations.

INTRODUCTION

Tuo hiighly insoluble lipids, cholesterol and lecithin, are
ITesent in bile in appreciable concentrations and are
Se——

Neccived for publication 30 July 1971 and in revised form
L2 Octaber 1971, ‘
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normally kept in aqueous solution by virtue of incorpora-
tion into mixed micelles with the conjugated bile acids
(1, 2). That the bile acids may actually be responsible
for the biliary excretion of these lipids in the first place
has been suggested by a variety of studies in several
species (3-10). In general, it appears that increased ex-
cretion rates of bile acid are associated with increased
ahsolute biliary concentrations and rates of excretion
of lecithin and cholesterol but with reduced concentra-
tions of the two lipids relative to the concentration of
bile acid. Tn fact, the studies of Heath, Caple, and Red-
ding (10) in the sheep and of Hardison and Francis
(9) in the rat appear to have demonstrated absolute
maximal rates of lipid excretion at the higher rates of
bile acid excretion, Conversely, low rates of bile acid
excretion are associated with the highest concentrations
of lecithin and cholesterol relative to bile acid concen-
tration, a condition most likely to predispose susceptible
individuals to the risk of cholesterol precipitation
(7, 8).

In an effort to delincate further the mechanisms of
biliary lipid excretion the following study was under-
taken in unanesthetized dogs.

METIHODS

Female mongrel dogs (weights 17-20 kg) were prepared
beforchand by cholecystectomy and installation of a Thomas
cannula in the duodenum (11, 12). On the day of study the
bile duct and one or both of the lateral saphenous veins were
catheterized, initial samples of blood and bile were obtained,
and iv. infusions (e.g., saling, or solutions containing tauro-
cholate, "C-labeled erythritol, or ¥C-laboled sucrose) were
started (12). Approximately 30 60 min clapsed from the
time of bile duct catheterization to the time the preparation
was complete and the dog was upright in a sling. The anti-
cholinergic drug pipenzolate methylbromide* was adminis-
tered iv. (0.5 mg/kg initially followed by 0.1 mg/kg every
20 min) in order to minimize fluctuations in bile flow (13).
! Pipenzolate methylbromide (Piptal) was generously sup-
plicd by Dr. Murray Finkelstein of Lakeside Laboratorics,
Milwaukcee, Wis,
1337
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Experimental Protocols

A B C D E Foo~ G H 1 1 X
1 T(8) 0 T(8) T(8) T(8) T(8) ’ T(8) TE) TEH 0 V%QV )
11 T3S 0 135 T8 +Se T8 -+ Se T8 -1 D(61) T(8) + D64 T@) TES) +Sc 0 0
111 rgoy Ty TEw T(8) T(8) Se o
IV D@D G35 T(8) + Sc
V (64) Gm

Symbats: T( ), G( y, D) = infusions of sodium taurocholate, glycocholate, and dchydrocholate, respectively. Numby
ate infusion rate in gmoles/imin. Actual infusion rate was calculated in each case by calibc 1),
| taurocholate and glycocholate, measurement of bile acid concentration in infusion. Se, iw i,

CHL

show in parenthescs is approxim
of pump speed and, in the case ol

of secretin at 40U /ming Se, infusion of SC2644 at 11 pnoles /min; 0, no bile acid, secretin or SC2644 infusion.

Tracer infusions: ¥C-labeled e
was infused and in protocol 1< no irotope was infuscd.

Timing: Bile collection periods are indicated by Roman numerals
acer infusion was started and 90 min (‘l.’xpscd between initiation of tracer int. -y
N

of bile duct catheterization pnitil the time tr

and start of tirst bile colleetion, except that in protocol K- (no tracer) 3 hr el

until the beginning of the first collection. Tnitial bile acid infusion Gf
Actual bile callection periods lasted from 10 min (flows > 0.5 ml/min) to 30 niy

protocol T where it was ~tarted 60 min later.

(flows < L.09 ml/ntin). Whenever Lile acid infusion rate was change
L new bite acid was infused (A and C) there was a 30 min hiatus without infusion before the ney
libration on the new infusion. Whenever secretin (1)) or SC2644 (K, G, ¢

colleetion period. Whenever
bile acid was started followed by ancther 25 min of equi

1) were infured or when dehvdrocholate was superimposed upon
In protocols Hoand K aud in the first two periods of B and J consecutive bile

| specimens for measurcment of UC activity were obtained 2 min after start.

was allowed before ALarting a new bile collection.
collectinns were obtained withowl interruption. Bloos
ing cact: hile collection priind except in protocol K.

11 different protocols were employed (Table 1), Two typical
experiments are shown in Table 11

Chiromatography.  Thin-layer chromatograpby  was  per-,

formed on the bile acid proparations used for infusion and
on sclected specimens of bile using silica gel G and the
solvent systems described by Hofmann for conjupated and
unconjigated bile acids (14). The bile specinmiens were pre-
pared by shaking 0.2 ml of bile with 0.4 ml of chloroform-
methanol (1:1) and ¢4 il of water. The aqueous phase
was subjected to chromatopraphy for conjugated bile acids
and the organic phase fo unconjugated hile acids.

Analytical procedures. 'C activity in plasma was esti-
mated as deseribul proviousty (12). Rile specimens were
decolorized  with  sodium Lypochlorite (Chlorox) as de-
scribed (12) except that Cab-O-Sil was not used, and 50
ul of 30% 1.O: was added (o remove unreacted sodium
hypochilorite before final dilution and addition of Bray's
sulution.

Biliary cholesterol concentration was measured by the
method of Abell, Levy, Brodie, and Kendall (15). Biliary
phospliolipid  was extracted in chloroform-methanot (2:1)
and measured by the Bartlett procedure (16). Total hile acid
concentration was determined by the hydroxysteroid dehy-
drogenase method of Talatuy (17) as modified by Admirand
and Small (18) using purified enzyme (STDHP--Worth-
ington Biochemical Corp., Freehold, N. J.).

Maicrials. The sodium taurocholate employed for infu-
sion (Mann Rescarch Labs, Inc., New York) was an impure
ox-bile preparation which contained 74% bile acid by weight
and which was shown by thin-layer chromatography to con-
tuin a small amount of glycocholate, traces of taurine and
glycine conjugates of dilndroxy bile acids, and traces of
amconjugated cholic acid. The sodium  glycocholate (TCN
Nutritional Biochemicals  Div., Tevine, Calif.) contained

1338 1. 0. Wheeler and K. K. King

rythritol was infused throughout each experiment except that in protocol G BC-fabeled st o,

at left. In each case 30- 60 minutes elapsed from the &,

apsed from the time of bile duct catheteri. oy
any) was started at the same time as the tracer exco ot iy

d (A, B, C) 20-25 minutes elapsed before starting the ney

4 taurocholate infusion (F, G) a 20 min equilibration pering

616 Dbile acid by weight and although glycocholate was
found to be the main constituent, it was heavily contaminated
with glycine conjugated dihydroxy bile acids and with un-
conjugated cholic acid and contained traces of taurine con-
jugated di- and trihydroxy bile acids. Sodium dchydro-
cholate was obtained as a 20% solution (Decholin; Amcs
Co., Div. Miles Laboratories, Inc, Ellkchart, Ind.) and ap-
peared to be chromatographically pure. All bile acids were
diluted to a concentration of approximately 20 m in 3%
dextrose and water and administered at the rates shown ’in
Table 1. Actual rates of infusion in each experiment were
subsequently calculated from calibrated pump speed and
infusion concentration. The latter was measured in the caswe
of glycocholate and taurocholate and based upon the dilution
of manufacturer’s stated concentration in the case of dehy-
drocholkade.

Secretin (GIH Laboratories, Stockholm) was diluted to
a concentration of 10 U/ml in normal saline and adminis-
tered at 4 U/min.

SC2644* (Fig. 1) was mixed with a small volume of
water, dissolved by titration with 1 N NaOH to approxi-
mately pIl 10 and diluted to a final concentration of 0.9%.
Dextrose was added to a concentration of 5%. It was admin-
istered at 11 wmoles/min. :

3¢ Jabeled erythritol and *C-labeled sucrose (both from
Amersham/Searle Corp., Arlington Heights, TIL.) were dis-
solved and administered as deseribed previously (12).

RESULTS

Relationships of biliary lipid excretions to tanrocholate
excretions. In the typical study shown in Table IT so-

2 §(2644 was generously provided by Donald L. Cook o
G. ). Scarle and Co., Skokie, TIL

|
i
;
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dium taurocholate was infused at three different rates.
In each of the three states the measured excretion rate
of bile acid was approximately equal to the rate of infu-
sion, and the bile flow, ervthritol clearance, lecithin ex-
cretion rate, and cholesterol excretion rate all increased
with each increment in bile acid excretion rate. The ab-
solute biliary concentrations of bile acid also increased
and the relative concentrations of lecithin and cholesterol
(expressed as per cent of the sum of molar concentra-
tions of bile acid, cholesterol, and lecithin) declined.
There was a fall in the molar ratio of lecithin-to-bile
acid at the highest rate of infusion. The cholesterol-to-
lecithin ratio showed no consistent trend and averaged
0.038.

Tn another study on the same dog (Table 1T) no bile
acid was infused during the first two collection periads
and then sodiwn taurocholate was infused at 8.8 pmoles/
min. During the first two periods the rate of endogenots
bile acid excretion was low, as were the bile flow, eryth-
ritol clearance, and lipid excretion rates. Despite the low
absolute biliary concentration of cholesterol its relative
concentration was much higher than the relative concen-
tration observed during taurocholate infusion. The cho-
lesteral-ta-lecithin ratio (average 0.109) was higher than
the ratios (0.03 to 0.04} found ot all bigher rates of bile
acid excrotion, When sodivm tiurocholite was then in-
fused at 88 pmoles/min, the flow and composition of bile
approached those obscrved in the first period of the
previous study.

The lipid excretion data obtoined from multiple stud-
ies on cach dog during various rafes of taurocholite in-
fusion (or without bile acid infusion) are plotted in
Figs. 2-6. The following characteristics were generally
apparent: () Lecithin output was related to bile acid
output by an ascending curve which was concave down-
ward and appeared to pass threngh the origin. (&) The
relationship of cholesterol output to hile acid output was
qualitatively very similar to that deseribed above except
that the data obtained at the lowest rates of bile acid
excretion in three of the dogs (Figs. 3, 5, and 6) suy-
gested cither that the true curve describing the relation-
ship might have a positive intercept along the vertical
a.is or might have an abrupt change in shape near the
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Iigure 1 Structure of SC2644.
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Ficure 2 Effect of hiliary excrction rate of bile acid upon
outpute of lecithin and cholesterol and upon biliary molar
concentration rativs of lecithin-to-bile acid and cholesterol-
to-lecithin in dog Ha during sodium taurocholate infusion.
The group of observations obtained during the lowest rate
of infusion (circa 8 pmoles/min) has been pooled, and the
means, standard deviations, and number of observations (in
parentheses) are shown for this group. At rates above 20
pgmales/min individual data points are shown. The lowest
curve was ftted by cye and the other curves were fitted as
described in the text.

origin. (¢) Consislent with the relationship described
in (a), the molar ratio of lecithin-to-hile acid declined
gradually as bile acid output increased. (d) The cho-
lesterol-to-lecithin ratio appeared to diminish rapidly
toward a plateau of 0.031-0.042 as bile acid excretion
rates rose to 8 pmoles/min or higher, This platean was
(uite constant over a very wide range of bile acid ex-
cretion rates in each dog. At very low rates of bile acid
excretion mueh higher cholesterol-to-lecithin ratios were
observed except in one dog (dog Ad, Fig. 4) in which
they were only slightly higher. No observations were
made at the very low bile acid excretion rates in dog
Ha (Fig. 2).

Curve fitting. Curves were fitted arbitrarily in the
following manner: the curve for cholesterol-to-lecithin
ratio (C/L.)® was fitted by eye and a numerical value

3 Abbreviations used in this paper: BA, bile acid; C, chol-
esterol; CMC, critical micellar concentration; L, lethicin;
R, ratio.
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TaBLE |}
Two Experiments Showing Effects of Various Bile Acig

Time?of = Time* of
infusion collection Bile acig
Bile salt Infusion - Bite Erythritol —_——
infusion rate Start ¥nd Start fnd flow clearance Cone,
umole/ min min ml/min ml/min my
min
Taurocholate 7.4 —-12 111 91 111 0.12 0.15 63,5
Taurocholate 30.9 111 150 135 150 0.29 0.30 9.3
Taurocholate 61.4 150 180 170 180 0.52 0.48 1607
Dehydrocholate§ 31.4 210 250 235 250 0.64 0.62 ( S
Dehydrocholuted 62.3 250 280 270 280 0.77 0.85 (o
None — - —- 105 165 0.06 0.10 iy
None — - — 165 225 0.006 0.10 1.
Taurocholate 8.8 226 291 261 291 0.12 0.16 ;

* Zero time is arbitrarily defined as the time erythritol infusion was started, usually 30-60 min  fy
catheterization of the common bile duct.

1 Expressed as per cent of the swin of the molar concentrations of bile acid 4- lecithin + cholesterol.

§ During dehydrocholate infusion there was an appreciable biliary output of mmetabolites measurabic Ly
the 3-hydroxysteroid dehydrogenase method, These measurements, and the values derived therefeom,
are given in parentheses since they obviously must underestimate the total output of dehydrocholate ang

its metabolites
the lecithin: bile acid ratios).

(R) for the ratio represented by the plateaw was caleu-
lated as the average of all of the C/L. values at bile acid
excretion rates above 20 mmoles/nin. The curve re-

lating the lecithin-to-bile acid ratio (L/BA) to the bile |

acid excretion rate was fitted by an equation of the form
y:=1/(A + Bx).! These values of A and B were then
used to plot the curve for lecithin excretion rate ws.
bile aeid excretion rate according to the equation ¥ == 2/
(A + Ba). Finally, the cuive relating cholesterol output
to bile acid output was ploited as y = Rr/(A + Bx).

Except in the cuse of cholesterol output at the lowcest
rates of bile acid excretion (Iigs. 3, 5, and 6) this pro-
cedure appeared to yicld curves which fitted the data
quite well. Other types of curves could probably have
been fitted to the data just as well, but the particular
hyperbolas were chosen for reasons which will be men-
tioned in the Discussion.

Relationship of biliary lipid excretion to glycocholate
and dehydrocholate excretion. 'The infusion of sodium
glycocholate (Table I1T) at two differcent rates (35 and
69 pmoles/min) resulted in excretion rates of lecithin
and cholesterol similar to those observed at comparable
rates of sodium taitrocholate infusion. In most instances

+ Based on least squares fit to a linear transform using a

" computer program available through General Electric Infor-

mation Systems in BASIC language. In carrying out this
fitting the mean coordinates of L/BA and BA output in the
absence of bile acid infusion and the mecan coordinates at
low taurocholate iufusion (circa 8 muoles/min) were each
treated as a single data point,

1340 H. O. Whecler and K. K. King

(and hence lead to overestimation of the moles per cent of lecithin and cholesterol and of

the bile flows and erythritol clearances were sothewhat
ligher with glycocholate than the tauroclolate. As noted
under Methods the “glycocholate™ employcd in these stud-
jes was impure and coutained appreciable amounts of
wnconjogated cholic acid, During infusion of this ma-
terial none of the unconjugated bile acids appeared as
such in the bile, hut appreciable quantitics of taurocholate
and some taurine conjugated dibydroxy bile acids were
present. However, the major bile acids excreted were
glycine conjugates in contrast to the dominant excretion
of taurine conjugates when “taurocholate” was infused,

The effect of infusion of sodium dehydrocholate is il-
lustrated by the study shown in Table 11, and the data for
five dogs are shown in Table 1. The infusion of de-
Liydrocholate at 32 and 64 mmoles/min was associated
with appreciably higher rates of bile flow and with
higher erythritol clearances than those observed during
infusion of the natural bile salts at similar rates, The
excretion rates of cholesterol and lecithin were very low
at both rates of dehydrocholate infusion. The fact that
they actually appeared to diminish during the more
rapid infusion may not be significant, however, since this
could have been due to progressive depletion of en-
dogenous and previously administered natural bile acids.

Effect of secretin, SC2644, and dehydrocholate on
biliary lipid excretion during constant infusion of sodiun
taurocholate. When sodium taurocholate was infused at
a constant rate of approximately 7 gmoles/min (Table
1V) the addition of sccretin at 4 U/min caused an av-



Infusions on Bile Flow and Biliary Lipid Excretion (Dog Po)

Bile acid Lecithin Cholesterol
—— — ~—— +  Lecithin: Cholesterol :
Molest Out- Moles} Out- Molest Out- bile acid lecithin
percent put Conc. per cent put Conc, per cent put molar ratio molar ratio
umole/ mM umole/ mm rmole/
min min min
13.4 7.6 221 255 2.6 0.94 1.1 0.1% 0.35 0.043
12.5 28.8 36.5 26.6 10.6 1.18 0.9 0.34 0.37 0.032
80.0° 55.0 255 19.3 13.3 1.01 0.8 0.52 0.24 0.040
{98.8) (19.1) 0.7 (1.1) 0.4 0.09 ©.2) 0.06 (0.01) 0.138
99.4) (25.3) 0.3 (0.5) 0.2 0.08 (0.1) 0.06 (0.01) 0.256
1.1 0.9 5.7 20.3 0.3 0.57 2.6 0.03 0.37 0.100
"9 0.8 4.5 25.1 0.3 0.53 3.0 0.03 0.35 0.118
74.8 8.9 25.2 24.6 29 0.70 0.7 0.08 0.33 0.028

erage increment of 0.24 ml/min in bile flow. In three
of the four dogs there was only a small increment in
erythritol clearance (average 0.05 ml/min) but in the
fourth dog (Ad) there was an appreciable increment of
014 m/min, {The wnusaal effect of secretin on the i
erythrito! clearance in this single dog was confirmed in o
nearly identical subsequent study and was borne out by
demonstration of an identical cffect of secretin on the
mannito!l clearance. Thie is the only dvg in which

TasLe I11
Effect of Infusions of Taurecholate (T), Glycocholute (G), and Dehydrocholate (D) at Comparable Rates

we have scen this phenomenon.) In none of the dogs
was any change apparcnt in the excretion rates of bile
salt, lecithin, or cholesterol.

The addition of SC2644 at 11 smoles/min during a
aurocholate infusion of 8 umoles/min (Table V) caused
murked increases in flow (average 041 ml/min), in
erythritol clearance (mean increase 0.31 ml/min), and
in sucrose clearance {mean increase 0.04 mi/min). In
every instance there was a decrease in the excretion

Bile acid infuston Bile acid excretlon Lecithin excretion Cholesterot
tate Bile flow Erythritol clearance rate rate excretion rate
R L R I - ) ™ 6 b 1" ¢ b ™ & » T G D
wmole/ min ml/vin ml/min umole/min gmole/ min umole/min
Ha 350 370 32.0 0.24 0.31 0.51 0.44  0.44 0.59 36.0 34.2 (20.3) 9.1 9.1 0.8 0.38 030 0.09
69.1 70.3  66.0 040 0.66 0.60 0.55 037 0.78 624 65,5 (28.6) 14.6 13.7 0.3 0.52 042 007
La 321 340 2.7 .31 0,37 0.49 0.34 0.42 0.5t 32.5 335 {18.4) 8.1 9.1 0.7 0.27 0.22 0.04
63.4 68,5 63.8 0.52 0.48 0.63 .52 0.51 0.71 56.0 51.9 (28.5) 1.6 10.6 0.2 0.43  0.45 0.04
Al 349 368 332 0.28 0.57 0.66 0.28 0.42 0.59 28.6 3.5 {18.8) 2.6 13.2 1.6 0.27 0.29 0.08
68,7 72.5 - 65.3 0.48 0.63 093 0.44 0.61 080 55.1 LYS 26.9) 136 148 0.5 049 047 0.06
¥o 32.7 356 314 0.34  0.50 0.64 0.38 048 o0.62 30.0 358 {19.1) 10.8 10.5 04 0.36 0.56 0.06
62.8  66.1 62.3 0.56 G.i¢ 077 0.55 0.74 0.8S 56.9  $6.7 (25.3) 1.1 12,7 0.2 0.51 0.42  0.06
Tu 42,7 384  36.6 040 0.37  0.65 0.39  0.36 0.65 386 283 {22.3) 10.7 7.5 06 0.44 0.3t 0.10
846 757 7128 0.61 0.56  0.74 0.56 0.58 0.79 62.2 670 (33.5) 15.7 140 0.3 0.68 0.76 0.10
——— )

L .
All tanrochulate data are averages of two s parate studies,

¢ {ootnote to Table 11, Measured hile

nd a0 therefore shown In parenthe .cs.

Biliary Excretion of Lecithin and Cholesterol in the Dog

acid cutput values during dehydrocholate infusion include only the 3-hydroxystercid dehydrogenase metabolites
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Fiuwi 3 Effcet of biliary excretion rate of bile acid upon
outputs of lecithin and cholesterol and upon ratios of Iecithin-

to-bile acid and cholesterol-to-lecithin in dog La. Data weie-

obtaitied in the absence of bile acid infusion and during
sodium taurochoku e infusion at various rates. Means, stan-
dard deviations, and number of observations (parentheses)
are shown for the group of observations obtained in the
abscnce of bile acid infusion and for the group ubtained at
the lowest rate of fawrocholate infusion (circa 8 pmoles/

. min), Tndividual data points are plotted for all higher rates.

The lowest curve was fitted by cye and the other curves
were fitted as described in the text.

rates of hoth lecithin and cholesterol. The average decre-
ment in lecithin excretion was 1.1 gmoles/min or 32¢7,
and the decrement in cholesterol excretion was (.03
unioles /min or 3447 when SC2644 was administered.
When sodiam tharocholate was infused at 41 proles/
min (Table VI) the addition of SC2614 at 11 wmoles/
min caused increments in bile flow (average 0.30 ml/
min) and erythritol clearance (average 0.31 mi/min)
similar to those produced at the lower rate of tauroclio-
late infusion, but caused no consistent changes in leci-
thin or cholestero! excretion. However, the basal rates
of lipid excretion were high enough so that it would
have been difficult to detect absolute decrenents of the
magnitude observed in the preceding experiments.
The addition of sodium dehydrocholate at 64 wmoles/
min (Table V) during a taurocholate infusion of 8
amoles/min caused incrcases in bile flow, erythritol elear-

1342 H. O. Wheeler and K. K. King
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TaBLE IV v
Effect of Secretin during Constant Infusion at Taurocholase
at 7 umoles/min

- Bile
. Erythritol acid Lecithin Cholestm,l
Dog Condition Flow clearance output output outpyt
ml/min pmole/ min )
Ha Control 0.07 0.18 9.0 34 0.4
Secretin 0.38 0.22 8.1 4.0 0.10
La Control 0.13% 0.16 10.5 3.6 0.1%
Secretin 0.28 0.20 9.7 3.4 0.1
Ad Control 0.21 0.13 5.9 2.4 0.1¢
Secretin 0.50 0.27 7.1 3.0 0.00
Po Coutrol 0.11 0.15 8.4 3.2 0.0+
Secretin 0.27 0.22 8.1 3.0 0.1

ance, and sucrose clearance averaging 0.55, 0.49,
0.08 ml/min, respectively, Lecithin output decreasc. iy,
cach case (average decrement 1.1 mmoles/min or 32
but cholestercl output showed little or no change.
Iffect of SC2644 at low bile acid cxcretion rates,
When SC2644 was administered approximately 4 Iy
after interruption of enterohepatic circulation to dogs
receiving no bile acid infusion (Table VII) there was
no obvious effect on total endogenous bile acid excretion
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Fiorre 5 Effect of biliary excrction rate of hile acid upott
outputs of lecithin and cholesterol and upon  ratios of
lecithin-to-hile acid and chalesterol-to-lecithin in deg Po.
See legend of Fig. 3 for details,

Tate but there was a diminution in the excretion rates
of both lecithin and cholestera] i1, cvery dog. 1t should be
noted- that tlhe effect of SC2644 on bile flow (average
increase 0.28 mLminY and on ervthrito! clearance (av-
erage incrcase 0.25 ) mWin) were very similar to those
ohierved during bile acid infusion of 8 {Table V) and
4 (Table V1) wmoles min.

Obserzations on fossible cffecis of time on bile com-
rosition. Thiee consecutive 30 min collections of bile
di ag constant tanrocholate infusion at 8 p#moles min
00 e V) showed remarkably constant outputs and
¢ ntration ratios. During total interruption of entero-
heoe circulation (also in Table VIIIY consecutive
“Cn collections showed considerably greater varia-
U However, in two of three dogs there was no con-
Sy trend with the passage of time. In one experi-
Lo an the second dag (La) there was a sixiold decre-
" in endogenous bile acid excretion rate and the
ol es in cholesterol and lecithin outputs and concen-
Iriion ratios were consistent with those predicted dur-

e deliberate manipulation of hile acid ontput (Fig. 3).

Biliary Excretion of Lecithin and Cholesteral in the Dog

The trend in this experiment could thereiore be at-
tributed to the effects of delaved depletion of the entero.
hepatic circulating bile acid poel. The studies shown in
Table \"II_thhus provide no evidence for alterations in
bile composition attributable to temporal changes in
hepatic lipid metabolism during the relatively brief total
times required to execute any of the experiments shown
in the preceding tables.

Initial “common duct™ bile specimens. At the begin-
36 ml of bile drained from the

minutes after

ning of each study
common bile duct within the first few
catheterization. Most of this bile had probably been stored
in the bile ducts for some time before catheterization
and, as noted in earlier studies (19). it tended to have
a high concentration of bile acid. The average com-
position of all “common duct™ bile specimens is shown
in Table IX. Although the absolute concentrations of
bile acids and lipids were very high in most instances the
ratios of these constituents were well within the range
encountered in flowing hepatic bile at intermediate rates

of bile acid excretion (Figs. 2-6).
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TasLE V

N,

Effect of Dehydrocholute und SC2644 during Constant Sodium Taurocholate Infusion at 8 pmoles/min*

Hile Erythritol Sucrose
Dog Condition flow clearance clearance
il /min
Ha* Control 0.00 0.13 -
SC2644 0.56 0.41 —
la Control 0.09 0.19 0.029
Dehydrocholate 0.57 0.68 0.079
Control 0.09 0.14 0.028
SC2614 0.46 0.40 0.063
Ad Contral 0.16 0.18 0.041
Dehydrocholate 0.74 0.58 0.150
Control 0.15 0.19 0.060
SC2644 0.42 0.46 0.098
Po Control 0.13 0.14 0.018
Dehydrocholate 0.72 0.72 0.131
Conlrol 0.17 0.14 0.018
SC26:44 0.52 0.53 0.096

- Suc:eryth
Bile acid R Lechithin Cholesterol clearance Estimate
output} output} output ratio Fausramed
umole/ min -
1.2 2.8 0.08 -_ . —
6.9 1.3 0.04 —_ —
10.8 3.0 0.09 0.15
— 1.5 0.06 0.12 0.88
8.0 2.6 0.08 0.20
8.5 1.8 0.06 0.16 0.84
10.6 4.4 0.12 0.24
-— 3.3 0.12 0.26 0.74
10.6 4.0 0.10 0.32
11.1 2.8 0.08 0.21 0.7y
7.2 2.8 0.10 0.31
-~ 1.8 0.10 0.18 0.8:
9.9 4.1 0.12 0.34
8.9 1.7 0.07 0.18 0.82

* With the exception of dog Ha cach bile flow and output value is the average of two determinations made on different days,
The erythritol clearance was estimated on one of the two days and the sucrose elearance on the other. All control values shn\-\'n
were those obtained iminediately before the administration of the choleretic agent indicated in the row that follows. Sodium
dehydrocholate was administered at 64 pmoles/min and 5C2644 at 11 pmoles/min.

1 Total bile cid outputs are not reported in the dehydrochofate studies because chemical measurement of concentration only
included 3-bydroxysteroid metabslites (see footnote to Table 11). Since taurocholate was infused throughout these studies lh'c
output of taurucholate i assumed to have been at least equal to infusion rate.

§ Reflection coeflicient for suerose {Tecron) was estimated as 1 minus the sucroscerythritol clearance ratio (sce text).

DISCUSSION

Dependence of biliary lipid excretion upon excre-
tion of micelle-forming bile acids

The biliary excretion rates of lecithin and of cho-
lesterol in these dogs, as in the isolated dog liver (5)
and in all other species studied previously (6-8, 10}, ap-
peared to be intimately dependent upon the biliary cx-
cretion rute of the bike acids. That this phenomenon is

TasLe VI
Effect of SC2644 during Constant Sodium Taurocholate Infusion
at 41 pmoles/min*

Bile
Condi- Bile Erythritol acid Lecithin  Cholesterol
Dog tion flow clearance output output output
ml/min umole/inin
La Controi 0.30 0.34 41.7 9.8 0.33
SC26441 0.64 0.67 43.1 7.0 0.20
Ad Control 0.38 0.40 40.2 10.5 0.32
5C26441 0.61 0.68 44.3 11,5 0.30
Po Control 0.40 0.41 41.4 10.5 0.33
SC2644¢ 0.73 0.72 47.4 9.4 0.27

* Each number is the average of two determinations made on different days,
$ $C2644 was infused at 11 pmoles/min,

1344 H. O. Whecler and K. K. King

attributable exclusively to the ability of the bile acids
to form micelles and not to the effect of bile acids on
bile flow is demonstrated by the fact that three other

TasLe VI
Fiffect of SC26-44 in the Absence of Bile Acid Infusion

Bile
Condi- Bile Lrythritol acid Lecithin  Cholesterol
Dog ti'()“ How clearance output output output
ml/min pmole/min
La Control 0.04 0.15 1.03 0.30 0.026
Controt 0.06 0.11 0.37 0.08 0.016
SC2644% 0.35 0.28 0.37 0.02 0.004
Ad Control 0.06 0.07 0.92 0.34 0.018
Control 0.07 0.08 0.62 0.28 0.015
SC2644* 0.29 0.24 0.92 0.12 0.011
Po Control 0.07 0.11 1.44 0.81 0.037
Control 0.06 0.09 1.25 0.58 0.030
SC2644% 0.41 0.39 1.03 0.15 0.004
Tu Control 0.09 0.12 1.43 0.63 0.059
Control 0.16 0.14 1.14 0.47 0.054
SC2644% 0.43 0.50 .94 0.11 0.014

* Infuscd at 11 gmoles/min after two consecutive control periods duiing
which the ¢nterohepatic pool becanie depleted. Approximately 4 hr Lad
elapsed from the time bile duct was catheterized to the time SC2644 was
started (protocol J).
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jotent choleretic agents failed to enhance (or actually
reduced) lipid excretion.

() Secretin.  Secretin, which acts primarily by pro-
moting fluid secretion by the bile ducts or ductules (20~
22) had no effect on lipid excretion (Table IV).

(8) Dehydrocholate. Dehydrocholue infusion failed
to cause any increase in lipid excretion rates (Tables
1, 11T, and V). This is similar to the findings of Iardi-
son and Francis (9) in rats. The choleretic action of de-
hvdrocholate, like that of the natural bile acids, can be
a;trilmted to an increase in the rate of canalicular fluid
production as indicated by the increment in ervthritol
clearance. Dchydrocholate differs from the natural bile
acids in that it does not form micelles. However, dehydro-
cholate is converted 1o a variety of metabolites hefore
biliary excretion (23). In the present studics, for ex-
ample, the excretion 1ate of 3-hydroxylated metabolites
{as measured by the hydroxysteroid dehydrogenase reac-
tion) was equal to about one-half of the infusion rate of
dehvdrochotte (Tables 11, I, and V). Since most of
the dehydrocholate metabolites, like the parent compound,
Jo not form micelles (23), it is reasonable to assune 1t
lack of micelle formation is responsihble for the failure
of dehydvocholate to enhance lipid excretion. However,
interpretation is comylicated by the fact that a small
fraction of administercd dehydrocholate is actually con-
verted to cholic acid (23). It is possible that if this did
ot occur there might have been more obvions decrenents
in lipid exceetion such as those observed with SC2644,

(c) SC2644. This potent choleretic compound also
fajled to enhance lipidd excretion rates (Tables V, VI,
and VIT). The mechanism responsible for its choleretic
effect is unknowa, but it is germane to this discussion
o examine the evidence regarding its behavior and site
of action. Like dehydrocholate, SC2644 apparently caused
increased canalicular Ruid output as indicated by the in-
trease in erylbritol clearance. On cither a molir or
weight basis it is obviously a far morc potent choleretic
agent than dehydrocholute in the dog and is more potent
than any of the chemically related organic acids studied
by CGunter, Kim, Magec, Ralston, and Tvy (24). In fact
€ on the assumption that it was all secreted into the
bir canaliculi, the response to the small dose employved
""" oo great and too prolonged (persisting in these

ies for at Jeast 3 hr after cessation of about 30
" of infusion at 11 mmoles/min) to be readily explica-
7 on the basis of an osmotic effect of SC2644 per se,

*far as the quantity (1 -- sucrose clearance/erythritol
¢ tance) may be used as a rough estimate of the re-
fl.vion coeflicient for sucrose (omeroe) at Ligh flows
(12 25) it would appear that this parameter of passive
Y brane permeability was identical whether choleresis
Yis produced by SC2644 or dehydracholate (Table V).
Morcover, a given dose of SC2614 appeared to produce

a nearly identical increment in bile flow and erythritol
clearance at three widely different rates of basal flow and
bile acid sccrction rate (compare Tables V, VI, and
VII). Stimulation of “bile acid independent” (12, 26,
27) inorganic solute and water transport into the cana-
liculi would thus appear to be the most logical tentative
explanation for the effect of this agent, Therefore, bile
acid secreted into the canalicular hunen would be diluted
as a resull of SC2644 administration.

Evidence that lipid entry depends upon the
micellar state of bile acids in the canaliculi

Bile acids might affect the output of lipids by two
possible mechanisms. First, lecithin and cholesterol
might be “entrained” at some stage during bile acid
trausport before actual entry into the canaliculi. Or
second, the presence of bile acid micelles within the
canalicular tumen might serve to trap lipids which
enterced via the membrane surrounding the canalicular
lumen. The latter possibility is supported by the fact
that SC2644 actually reduced lipid output during the
course of a constant slow infusion of taurocholate
(Table V) and that SC2644 caused a marked reduction
in lecithin and cholesterol excretion when administered
during the course of the very low bile acid excretion
rates that accompanicd interrupted enteroheputic circu-
lation (Table VII). It is postulated that canalicular
fluid produced in response to SC264-4 dituted the intra-
canalicular bile acids toward their critical micellar con-
centration so that a larger proportion of the total bile
acid was in the dissociated state and a smaller propor-
tion was available for solubilization of lipids. In other
words, the present results are consistent with the view
that the rate of biliary excretion of lipids is a function
of the solubilizing capacity of the bile acids within the
canalicular Tumen rather than the total bile acid exere-
tion rate.

Quantitative relationships between lecithin ex-
cretion and bile acid excretion

The present studies do not indicate whether biliary
lipids are originally derived directly from the canalicu-
Tar membranes as has been suggested by Small (28) or
whether their origin is intrahepatic, In either case it is
possible to conceive of a model based on passive lipid
movement which is consistent with most of the present
observations. The solubilitics of lecithin and cholesterol
in water are excecdingly small. Nonctheless it can be
assumed that individual lipid molecules will escape
transtently into the canalicular aqueous  phase from
cither the membrane or the bile acid micelles and then
return {o either at random. The net movement of a
lipid species between membrane phase and micellar
phase should thus be a function of the relative fendency
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TABLE V[])
Sequential Bile Collections with and withoyy

Bile acid output

Bile flow Erythritol clearance
Tauroclholate - ——
Dog infusion rate 1 2 3 1 2 3 , 1 2 3
’ o ;"l)]t;;;:’ T "'—“";’;/':”:""_“ ml/min umole/min T
Ha 8.1 0.10 0.11 0.11 0.16 0.16 0.14 10.3 9.2 1]
La .9 0.10 0.12 0.12 0.12 0.16 0.13 8.4 2.0 9.4
0 0.02 0.04 — 0.06 0.07 -— i 0.84 0.77 -
0 0.03 0.02 0.03 — - —_— 2.59 1.13 6.1
Ad 7.8 0.12 0.15 0.14 0.16 0.19 0.17 8.0 9.8 &2
0 0.14 0.10 —_ 0.10 0.08 — 1.04 0.61 -
0 0.06 0.05 0.04 — - -— 1.33 1.17 L4
Po 1.6 0.13 0.18 0.14 0.18 0.22 0.22 8.0 9.6 £
0 0.00 0.06 —_— 0.10 0.10 -— 0.85 0.80 -
0 0.00 0.06 0.05 — -— —_ 0.69 1.08 (.48

* Protocols H, B, and K (Table 1).

of lipid to escape from cither phase. In the case of
lecithin one could assume, for example, that the escap-
ing tendency from membrane to lumen had some fixed
vadue ' and that the escaping tendency from the mi-
celles 2%, was related to the concentration of lecithin
withiin the miceller. The lutier assumption is based upon
the finding of Mayscls (29) that the concentration of
lipid soluble dye in the aqueous phase of a micellur
solution is dircctly praportional to the ratio of dve 1o
solubilizer in the micellar phase. The relationships be-
tween bile acid output and Iecithin output could then
be predicted as follows: 77, escaping tendency of leci-
thin from membrare; 2%, ercaping tendency of lecithin
from micelles; L, hiliary lecithin concentration; B, bili-
ary micellar bile acid con: entration; Ji, net lecithin
excretion rate into bile; Ju, net bile acid execretion rate
into bile; Ky, A arbitrary constants (K1 is analogous
to the partition constant betwee aqueous and micellar
phase described by Mysels, and A is analogous to a
diffusion constant across the region separating mem-
brane from micelles).

Assuming that escaping tendency from micelles is
proportivnal to the ratio of lecithin-to-bile acid in the
micelles:

Py = Ky (L/B).

(B = total bile acid concentration where the latter
greatly exceeds the critical wicellar concentration.)

L/B == J1./]n
S Po= Ky(Ju/]n).

Assuming net lecithin flux is proportional to the differ-
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ence between escaping tendencies:
Ju = K3(Py — Py)
Juo = Ky (P — KIUI./JB))-

Rearranging : . :

= OB m

Ki/Py+ (1/K,Py)] s
also
1
Ky/Py+ (1/Ka Py
There are a number of obvious oversimplifications
in this approach, but the model predicts a hyperbolic

ascending relationship between Jecithin excretion and
bile acid excretion and a declining value of lecithin-

Ji/Jsp =L/B =

@

to-bile acid ratio at increasing rates of bile acid excre-

tion. On this basis hiyperbolic functions of the form
predicted by equation 2 were fitted to the data for
lecithin-to-bile acid ratio, and the constants derived
from the fitting procedure (Ky/Pr and 1/K:P)) were
then introduced into equation 1 to obtain the curves
for lecithin excretion rates. It is evident that a reason-
able fit was obtained in every case (Figs. 2-6) so that
at least the data were consistent with the model de-
scribed. It should be noted that Heath et al. (10} and
Hardison and Francis (9) observed apparent “plateaus”
or maximal lecithin excretion rates under conditions
of hile acid loading in sheep and rats, respectively.
Such a phenomenon would be predicted from equation
1 even though plateaus were not actually achieved in



Conslant Infusions of Sodium Taurocholate*

Lecithin output Cholesterol output

Cholesterol: lecithin

Lecithin: hile acid
molar ratio

molar ratio

i 2 3 1 2 3 2 3 1 2 3
) N“mnle:/n:;r; o pmole/min
3.5 3.5 2.8 0.21 0.22 0.19 0.31 0.38 0.31 0.060 0.063 0.068
23 2.6 2.5 0.09 0.10 0.10 0.28 0.29 0.27 0.038 0.038 0.038
0.29 0.47 —_ 0.024 0.033 — 0.35 0.61 - 0.084 0.070 —
0.72 0.36 0.21 0.028 0.019 0.029 0.28 0.32 0.48 0.038 0.05+ 0.140
31 3.8 31 0.08 0.09 0.09 0.39 0.39 0.38 0.026 0.02:1 0.020
0.42 0.32 - 0.017 0.014 — 0.39 0.54 - 0.042 0.042 —
0.70 0.52 0.42 0.024 0.025 0.022 0.53 0.45 0.37 0.034 0.041 0.052
33 3.9 34 0.09 0.12 0.10 0.41 0.41 0.43 0.029 0.031 0.028
6.31 .28 - 0.031 0.033 - 0.37 0.33 — 0.100 0.118 —_
0.23 0.20 0.25 0.033 0.026 0.034 0.33 0.18 0.52 0.148 0.133 0.136

the dog. In equation 1, as J» —> @ the predicted value
of Ju would be K:P» or youghly 30 wmoles/min iu the
present animals. However, this value would actually
be pnattainahle because of the himitation imposed by &
transport maximum for bite acids of the order of 150
pmoles/min (30) in dogs of this size

Relationship of cholesterol excretion to bile acid

and Jecithin excrction, evidence for cholesterol-

lecithin coupling

The outpus of cholesterel, Tike that of lecithin appears
to depend upon the bite acid excretion rate (Ligs. 2-0).

However, the fact that the cholesterol-to-lecithin ratio
was approximately constant over a wide range of bile
acid excretion rates and a wide range of outputs of
cholesterol and lecithin is consistent with only the
following two possibilities: (a) That there is a fortui-
tous relationship between the factors which determine
the independent vates of movement of the two lipids.
For example, if the rate of cholesterol excretion Je)
were described by the following equation (analogous
to cquation 1)

Jn

I = Kgp F 07

TasLe IX
Composition of Initial Bile Dratned from Conmion Ducl

Moles per cent

L BA C/L U
Daog Pife acid Yecithin Cholesterol ratio ratio BA L C
pmtole /litey

Ha Me:in 244.6 86.8 2.90 0.36 0.035 73.2 259 086
(N =15 sp 24.2 18.7 0.69 0.10 0.010 1.8 1.9 015
Ta Mean 193.3 51.9 2.03 0.27 0.039 719 212 0.83
(N ==12) sb 39.9 8.0 0.61 0.04 0.008 2.6 2.5 022
Ad Mein 95.6 26.9 0.9% 0.29 0.036 71.2 221 078
(N =11) sp 21.5 5.5 0.18 0.06 0.010 3.3 3.3 0.19
Po Moo 102.3 35.2 1.13 0.35 0.032 73.8 254 0.8
(N == 12) s 13.0 6.2 0.20 0.05 0.006 2.8 2.7 018
Tu : A 119.7 40.2 1.84 0.39 0.041 716 274 1.09
(N =6) = 26.2 13.2 0.56 0.10 0.009 1.8 18 0.18
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then the ratio of cholesterol-to-lecithin would be con-
stant for all values of Js only if KiKe= K'K'2. (b)
That there is an association or coupling between the
two lipid species which determines their relutive rates
of movement into the bile canaliculi. For example, the
association between cholesterol and lecithin in their
region of origin (e.g., in canalicular membrane) might
be such that an average of oue molecule of cholesterol
would accompany every 25-30 molecules of lecithin into
the canaliculi. In this view cholesterol and lecithin
might make the transition from membrane to intra-
canalicular micelle in the form of dimers or other
complexes. Since the constauts Ki and Ko (or Kt and
K's) describe such different properties of the molecule,
the relationships required by the first possibility appear
to be unlikely nd the second  possibility-—-that of
coupling between lecithin and cholesterol movement—
appeurs to pravide the more attractive explanation for
the constancy of the cholesterol-to-lecithin ratio, be-
cause of this viewpoint the curves which were fitted to
the choleaterol owpnt vs. bile acid output data (IFigs.
2-6) were caleulated simply by multiplying the equation
for the lecithin output vs. bile acid ontput curve by a
fixed value equal to the value of the cholesterol-to-
lecithin “platean.”

High cholesterol-to-Jecithin ratios at very low
bile acid exeretion rates, evidence for cholesterol
entry jndependent of lecithin

A separate mechanism must be invoked to explain
the high cholesterol-to-lecithin ratios observed during
total interruption of the entevoheputic circulation. 1t

s possible that it is caused by a slow but continuous

secretion of cholesterol independent of bile acid output.
It is also possible that there is slow passive movement
of cholestero! into the canaliculi in response to bile ucid
secretion but independent of the coupled lecithin-cho-
lesterol movement suggested in the preceding para-
graph. The fact that cholesterol excretion drapped
markedly when &$C2644 was administered in the ab-
sence of bile acid infusion (Table VII) appears to
support the Jatter possibility. Although SC2044  did
not consistently alter tota! bile acid excretion rate the
marked enhancement of canalicular fluid production (in-
dicated by an average increment in erythritol clearance
of .25 ml/min) can be estimated to have reduced the
canalicular bile acid concentration to the range of 1.5-
2.5 mmoles/titer. The critical micellar concentration
(CMC) of bile acids in whole bile has not heen mea-
sured iu the dog. but these values are close to the
range of the CMC reported by Tamesue and Juniper
for whole human hite (31) and it may be assumed that
an appreciable fraction of the bile acid was in the dis-
sociated state. The resultant reduction in cholesterol ex-
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cretion suggests that the entry of cholesterol even a
very low rates of bile acid output is still dependent upo
the availability of bile acid micelles and is not an iy
dcpcnd‘éﬁt transport process.

The following modification of the model proposec
for lecithin excretion would suflice to explain the dat
describing cholesterol output and cholesterol-to-lecithy;
ratios. If it is assumed that entry of cholesterol inde.
pendent of lecithin obeys the same rules as those .
scribed in the derivation of equation 1 then total ¢y
lesterol output would be:

o Jn
Kh/Py A4 (/K P s

Jo =

R]s
K1/Py 4+ (1/K2P))]w

+

where P, K1, and K3 are the constants described ...
viously for lecithin, Py, K’1, and K's are the analogouy
constants for cholesterol and R is the coupling ratio
which describes the average number of moles of ch.
lesterol which accompany cach mole of lecithin.
The cholesterol-to-lecithin ratio would then be:
Ey/Pi+ (1/K:P)]n

L= v U7Re 80y g
ClL= b g (iknryge T

(%)
~—

Equations 4 and 5 have been plotted in the appropriate
panels of Fig. 7 after substituting the following values:
KiPy = 2.5, 1/KaPy =003 R =004, K'Py=35,
1/K'sP'y == 30. The first three are average values based
upon the results of the curve fitting already described.
I'he last two are arbitrary choices although it is not
unreasonable to suppose that the tendency for cho-
lesterol to escape from the membrane might be much
less than that for lecithin (i.e., 7y << ;) from which
it would be likely that 1/K, Py 3> 1/K.P;, and that
K'1, the constant included in the escaping tendency
of cholesterol from micelles, might alvo be low enough
so that K'1/P’; would be of the same order of magnitude
as Ky/P1.

It may be seen from Fig. 7, on which equations 1
and 2 have also been plotted, that the hypothetical
model, including the provision for a dual mechanism
of cholesterol excretion, now provides an -adequate de-
scription of the entire range of data shown in Figs.
2-06.

Possible role of changes in lipid synthetic rates

Previous studies have demonstrated a positive effect
of hile acid on the synthetic rates of hepatic lecithin
(32, 33). In the present acute studies, however, there
were no consistent changes in biliary lipid excretion
with time (Table VIIT) during either totally inter-



rupted enterohepatic circulation or constant bile acid
infusion, Thus it appears improbable that there was
sullicient time for changes in the rates of lipid svnthe-
sis to contribute to any of the relationships cbserved.

“History” of bile found in the common bile duct
deduced from its composition

In the cholecystectomized doz the common bile duct
provides a reservoir which usually contains 46 ml of
bile. In the fasting state the bile first aspirated after
catheterization (so called “commnion duct bile”) is often
indistinguishable in composition from highly concen-
trated gallbladder bile (19). This is consistent with the
known reabsorptive function of the ducts (12). Thus
in the present studies, the absolute concentrations of
bile acids, lecithin, and cholesterol were often very
high in conmmon duct bile (Table 1X). The relative
concentrations of these constituents, when compared
with the other data obtained, provide some indication
of the average bile acid exeretion rates prevailing at
the time the “comunon duct” specimens were produced
by the liver. For exammple, the mean lecithin-to-bile
acid ratios of (.27 tu 0.39 would suggest that this hile
was produced ot average Dbile acid exerdtion rates of
roughly 10-30 pmoles/min (based on Figs. 2-6). Thus
the bulk of the lipid in this bile was probably excreted
during periods of appreciable enterohepatic bile acid
cirenlation. Analysis of a single sample of commen duct
bile (or, in the intact animal, of galibladder bile) ob-
viously provides no clue tn the rawre of compuosition
of hepatic bile which mav be sccreted at various times
and voder various citcumstances in the same animal.

Lioplications

Tt is well recognized that the dog is not suscepithle
to cholesterol gallstene formation, A of the present
duta Lie well within the solubility zoune for cholesterof
when plotied on the triangular coordinates described
Y Vimirand and Small (18). Nevertheless. an uunan-
o cized dog may be studied repeatedly and provides
1 roducible jueans of examining the relationship
b e biliary bile acid and lipid excretion. Qur evi-
Csuggests that the nncellar state of the bile acils
" the canaliculi controls lecithin and cholesterol
™ don, and is therefore consistens with the view
-cese lipids enter via the membranes immediately
o nding the canaliculi. Snall (28) has suggested
e biliary lipids may actually represent solubilized
B iane counstituents, and that the formation of bile
Wit s supersaturated with respect to cholesterol may
toar by incorporation of associated cholesterol and
leeiitin into micelles in a high cholesterol-to-Tecithin
Tation which is ultimitely  inconsistent with micellar
staduiity, This possibility is strongly supported by our
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Fiouvke 7 Hypothetical curves describing effect of biliary
excretivn rate of bile acid upon outputs of lecithin and
cholesterol and upon ratios of lecithin-to-bi'e acid and
cholesierol-to-lecithin. The derivation of these curves was
based on the a<sumptions that lecithin moves passively froimn
cell membranes to intercanalicular raicelles, that trarspoct

“of chlesterol i3 coupled to lecithin transport, and that there

is alzo a small amount of fndependent passive transport of
cholesterol from membranes to micelles ¢ sec text).

evidence for cholesterol-lecithin  coupling. Although
obviously no threat to the dog. such coupling could, in
other species and under other circumstances, lead to the
formation of unstable micelles.

The finding that a very small amount of cholesterol
niy enier the bile independent of lecithin is interesting,
but this process alse appear: to depend upon the avuil-
ability of bile acid micelles within the camalicali, It
seenis highly unlikely that ¢holesterol entering in this
fashion could ever lead to the production of a bile
which was supersaturated with respect to cholesterol,

If biliary lipid excretion is the result of solubilization
of canalicular membraue it may perhaps be regarded as
an unnecessary (and sometimes uniortunate) by-produce
of the biliary secretion of powerful detergent com-
pounds necessary for digestion. Our results suggest that
the avidity with which the niembrane retains its tpid
constituents could be the major determinant of biliary
lipid composition.

Biliary Excretion of Lecithin and Cholesterol in the Dog 1340
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Note added in proof. Since the preparation of this manu-
script Hardison and Apter (Hardison, W. G. M,, and J. T.
Apter. 1972, Micellar theory of biliary cholestero! excre-
tion. Amer. J. Physiol. 222: 61) have reported biliary lipid
excretion patterns in the rat which are similar in many
respects to those described in the present paper and which
expand upon the results published in the earlier abstract
of Hardison and Francis (9).
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